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ABSTRACT
A STRUCTURE PROPERTY INVESTIGATION OF A MULTI-COMPONENT
POLYACRYLATE PHOTORESIST
MAY 1993
QUINN K. TONG, B. S., TSINGHUA UNIVERSITY
M. S., TSINGHUA UNIVERSITY
M. A., COLUMBIA UNIVERSITY
M. S., UNIVERSITY OF MASSACHUSETTS
Ph. D., UNIVERSITY OF MASSACHUSETTS
Directed by: Dr. Richard J. Farris
The multi-component acrylate photoresist investigated in this dissertation consists
of a linear polyacrylate copolymer, a photo-polymerizable multi-functional acrylate
monomer, a ketone photo-initiator, an amine crosslinking agent and a certain amount
of inorganic filler. The ultraviolet radiation and thermal baking curing processes
convert the multi-component acrylate photoresist into a dual crosslinked polymer
network. It has been found that the end-use reliability of the thermoset coating highly
depends on the curing conditions.
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For this coating-substrate system, residual stress will be generated in the polymer
coating during processing and varies considerably depending on the curing conditions.
Residual stress is a critical issue for the end-use reliability of a coating since it is
believed to be the driving force for delamination, buckling and cracking of coating-
substrate systems. Vibrational holographic interferometry has been developed in this
study to characterize residual stress in polymer coatings. In addition to convenience,
the unique feature of this technique is its capability to characterize anisotropic biaxial
stress. This is believed to be the first technique reported to date that has such a
capability. The technique has also been expanded in this study to be applied to thick
and stiff samples that deviate from the ideal membrane behavior. In all the cases, the
relative errors of the results are less than 10%, and the data consistency can be as high
as 1%. In addition, empirical methods have been suggested for convenient application
of the method.
Three distinct phases have been observed in this multi-component system by
transmission electron microscopy (TEM) — the flake-like inorganic filler, the
monomer-rich droplet inclusion and the polymer-rich matrix. Selected area diffraction
(SAD) has determined the crystalline structure of the filler phase and the amorphous
structure of the matrix phase. It has also concluded that the diffraction rings in the
monomer-rich inclusion phase come from the filler polycrystals. After the photoresist
is fully cured by UV radiation followed by thermal baking, distinct spots in the
dimension of 100 A have been observed in the monomer-rich inclusion phase. The
subsequent thermal curing process increases the mobility of the molecules and
provides sufficient time for the molecules to aggregate and form distinct micro-phases
in the monomer-rich inclusions. In the mean time, the filler crystals grow larger and
distinct diffraction rings and spots can be seen in the SAD pattern. In contrast to the
phase-separate morphology of the multi-component photoresist, only one broad glass
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transition has been observed by DSC, DMA and dielectric relaxation experiments.
The broad glass transition reflects the inhomogeneity of local composition and the
heterogeneous network structure of the material.
The structure-property relationship of the multi-component photoresist as a
function of curing history has been investigated. The residual stress and mechanical
properties of the acrylate photoresist processed under various curing conditions have
been characterized, and the curing mechanism has also been investigated. The
increased glass transition temperature, modulus and ultimate strength of the material
indicate that either ultraviolet radiation or thermal baking partially cures the
photoresist. However, FTIR studies suggest that the two curing methods generate
different network structures through independent crosslinking mechanisms. Both
curing methods are required to fully cure the acrylate photoresist and achieve the
desired coating properties. It has been found that the curing sequence plays an
important role in determining the final network structure and material properties of the
thermoset coating. It is believed that the network formed during the first curing
process reduces the mobility of the molecules and decreases the efficiency of the
subsequent curing process Therefore, the curing sequence affects the dual crosslinked
network structure and results in different final material properties of the photoresist
coating. Since the sample cured with thermal baking first has comparable mechanical
properties to the sample cured with UV radiation first but significantly reduces the
residual stress from 8.5 MPa to 5. 1 MPa, the dual curing process with thermal cure
first is recommended
viii
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CHAPTER 1
BACKGROUND
1.1. Polymeric Materials in the Electronics Industry
Polymeric materials are widely applied in the modern electronics industry. One
important application of polymeric materials is acting as an insulating and protective
coating for electronic devices. The unique properties of high dielectric coefficients,
ease of processing and high thermal stability have enabled polymeric materials to meet
many of the material requirements of electronic engineering [Davidson, 1984]. In
addition, the capability of high resolution lithography makes photoresist polymeric
materials especially valuable in printed circuit board and integrated circuit chip
manufacturing. Rapid advancements have been taking place in this field during the
last two decades and the demand for polymeric materials in the electronics industry is
still increasing [Bowden and Turner, 1987; 1988].
The ultraviolet (UV) radiation induced polymerization of acrylates has been an
important industrial coating process for more than 20 years. The distinct feature of
UV radiation technology in the electronics industry is high resolution lithography.
When compared to other radiation lithographic technologies such as electron beam
and X-ray, the advantages ofUV radiation include less energy consumption, lower
equipment cost and easier operation [Krajewski, 1990; Nahm, 1991; Encyclopedia of
Polymer Science, 1985]. The material investigated in this dissertation is a UV
radiation-curable acrylate photoresist. The material is used in printed circuit board
fabrication as a permanent insulating and protective coating.
1.2 Description of The Material
The material to be investigated in this research is an acrylate-based photoresist. It
is classified as a negative photoresist that undergoes photo-polymerization upon
exposure to ultraviolet (UV) radiation. There are two major components in the
material: a tri-functional acrylate monomer and a linear acrylate copolymer binder.
The linear acrylate copolymer binder contains acrylic acid. The weight ratio between
the monomer and the copolymer binder is about 2 to 3. An aromatic ketone photo-
initiator is used in this material to initiate radical polymerization during ultraviolet
exposure. A poly-functional melamine is also used as a crosslinking agent per protic
functional groups The carboxylic acid groups of the copolymer may react with the
poly-functional melamine crosslinking agent in a condensation reaction to form a
crosslinked network structure. In addition, a small amount of inorganic filler may be
added to the photoresist material to improve its physical and mechanical properties.
The acrylate photoresist has to be cured before it can be used as a reliable
permanent coating The technological term "cure" denotes that molecules of low
molecular weight are converted into network macromolecules. Upon exposure to
ultraviolet radiation, the aromatic ketone photo-initiator is activated to initiate a
radical crosslinking polymerization. The radical crosslinking reaction is expected to
occur through the pendant carbon-carbon double bonds of the tri-functional acrylate
monomers and form a crosslinked network structure. At elevated temperature, the
condensation reaction occurs to crosslink the linear copolymer binders through the
poly-functional melamine crosslinking agents. Therefore, it is expected that a dual
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crosslinked network structure is formed in the material upon completion of the
thermal and high intensity UV radiation curing procedures. The schematic of the
radical and condensation reactions are shown in Figure 1.1.
It is important to note that conventional UV radiation usually generates a large
amount of heat. The heat generated during the UV radiation cure may induce some
condensation reaction. In the meantime, the elevated temperature required for the
condensation reaction may also initiate some radical polymerization. This is
especially true if the thermal cure follows UV radiation and many trapped radicals in
the material may be re-initiated. In addition, the network structure formed during the
first curing reaction may reduce the mobility of the molecules. The available
functional groups for subsequent crosslinking reaction decrease. This effect
influences the subsequent crosslinking reaction and eventually affects the final
network structure. Therefore, the dual crosslinked network structure of the acrylate
photoresist after various curing processes is expected to be complicated and highly
dependent on the curing conditions.
1.3 Typical Processing Procedures
The acrylate-based photoresist is available in a film form, sandwiched between a
polyolefin sheet and a transparent MYLAR (PET) sheet. The typical process for the
photoresist is a so-called "dry-film" process, which includes: lamination, lithography,
development, thermal cure and/or UV radiation cure [Htoo, 1989]. The procedures
of the "dry-film" process are described below
Lamination: After the polyolefin sheet on one side of the photoresist film is
removed, the tacky photoresist film is laminated onto the substrate at 85 - 100 °C.
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The Lamination procedure for the material is performed without exposure to UV
radiation to prevent premature crosslinking.
Lithography: An artwork mask sheet is used for lithography. The artwork mask
can selectively block UV radiation with a desired pattern. With the artwork mask
sheet on top of the transparent MYLAR sheet, the photoresist on the substrate is
ready for contact lithography. The photoresist is exposed with a small dosage ofUV
radiation, typically 0.2 - 0.3J/cm2
. The photoresist material in the unmasked areas is
exposed to UV radiation and forms a lightly crosslinked structure. The lightly
crosslinked structure prevents the material from being dissolved during the
development step. The material in the masked areas is not exposed to UV radiation
and remains soluble. It will be rinsed away during the development procedure.
Development: After the MYLAR sheet on top of the photoresist is removed, the
photoresist is sprayed with a 40-50 °C, 1% (wt.) Na^CC^HjO aqueous solution until
all the material in the unexposed area is dissolved and rinsed away. The carboxylic
acid functional groups in the copolymer molecules permit the polymer to dissolve in
the basic aqueous solution. The sample is then rinsed with tap water for 5 minutes
and dried under ambient conditions. After the completion of this procedure, a desired
pattern is formed on the substrate. However, the small dosage ofUV exposure
during the lithography procedure only forms a lightly crosslinked structure. The
material needs to be further cured by subsequent high dosage UV radiation and
thermal baking to complete the crosslinking reactions and form the dual crosslinked
network structure before it can be used as a reliable insulating and protective coating.
UV radiation cure: The sample is placed on a moving conveyer belt and passed
though a UV curing system (Laboratory Curing System, Model A-0 12-005, UV
4
Process Supply, Inc.). The curing dosage is measured by a UV radiometer and can be
controlled by adjusting the conveyer belt speed as well as lamp intensity. Typically,
UV curing dosages for the photoresist range from 2 to 6 J/cm2
.
Thermal cure: The sample is placed in a pre-heated oven at a specified
temperature and time to complete the thermal curing procedure. Then the sample is
allowed to cool to room temperature. A temperature of 13 0 °C or higher is required
for the photoresist to induce the thermal condensation reaction.
Since only a small dosage of UV light is applied during the lithography procedure,
it should have little influence on the final product properties. As discussed in the last
section, the final properties of the photoresist are highly dependent on the post-
development curing procedures. This dissertation will focus on the variations of
thermal and UV radiation curing conditions and their effects on the final coating
properties.
1.4 Residual Stresses in Polymer Coatings
Polymeric coatings usually develop residual stresses during their processing.
Residual stress is the internal stress of the material generated during its processing
procedures and remains in the material. Exposure of the material to varying
environments during application may cause failure of the material due to the existence
of residual stress. Therefore, reducing the residual stress of a polymer coating
material is always an important issue during processing and can improve the structural
reliability of the coating.
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A polymer coating is usually processed on the substrate at an elevated
temperature. Since polymer materials normally have much higher thermal expansion
coefficients than that of substrate materials, tensile stress is generated on cooling due
to the thermal mismatch between the polymer coating and the substrate. In most
cases, the thermal stress is the main origin of the residual stress in the coating. In
addition, shrinkage usually occurs during polymerization. Since the coating is fixed
on the substrate and planar shrinkage is constrained, residual stress may also be
generated. Other possible sources of residual stress are solvent removal and
monomer evaporation during processing. These processes also cause a dimension
change in the coating and thereby generate residual stress.
The photoresist in this dissertation is classified as a secondary photoresist. A
secondary photoresist remains on the printed circuit board as a permanent insulating
and protective coating layer. Therefore, the mechanical reliability of a secondary
photoresist is a critical issue for the end-use reliability of the printed circuit board. If
the photoresist coating fails during application, it may cause severe damage to the
whole electronic system. Therefore, analysis of the residual stress development in the
photoresist during its processing is not only of academic interest but also has practical
importance.
1.5 Approaches & Objectives of This Dissertation
Residual stress is a very important issue for the end-use reliability of a coating-
substrate system. However, the direct measurement of stress in the coating is a
difficult task. The two commonly used techniques for determination of stress in
coatings are disk/beam bending and diffraction techniques [Campbell, 1970]. Both of
the techniques measure the deformation of the material, the strain, rather than stress
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directly. In the former method, the bending strain of the substrate due to the tensile
stress in the coating is measured. In the latter the distortion of the crystal lattice of
the coating material is determined by X-ray diffraction. To obtain the stress value
from these two techniques, one must assume linear elastic behavior of the material,
and also know the elastic constants of the coating and/or the substrate [Maden, et al.,
1992]. Because the stress value is obtained indirectly and several restrictive
assumptions are involved, the disadvantages of the techniques are lack of accuracy
and convenience. The development of a convenient and reliable technique for direct
measurement of stress in coatings has long been of great interest. The first objective
of this research is to develop and improve a technique to measure residual stress in
coatings A vibrational holographic interferometry technique will be developed and
improved in this dissertation for this purpose This technique can be used not only to
evaluate the residual stress of the acrylate photoresist in this dissertation, but also to
measure the two-dimensional state of stress for other polymer coatings and other
materials such as metal films, composites and ceramic plates.
The theoretical and experimental details of the vibrational holographic
interferometry will be discussed in Chapter 2. Both membrane and plate vibration
theories will be discussed and applied to the technique. The experimental aspects,
such as sample preparation and principal direction identification will also be
described. In addition to convenience, the distinct feature of this technique is its
capability to characterize anisotropic biaxial stress in coatings and films. Both
theoretical and experimental details of this capability will be discussed in this chapter.
The vibrational holographic interferometry has also been expanded to apply to thick
and rigid samples. This feature has enabled the technique to be applied to a wide
variety of film and coating samples. In addition, empirical methods have been
suggested for practical convenience.
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The vibrational holographic interferometry technique will be used to characterize
the residual stress of the acrylate photoresist coating by monitoring the residual stress
evolution at each processing stage, and by analyzing the residual stress generated
from various curing conditions. In order to design a polymeric coating that is
mechanically reliable and yet practically applicable, low residual stress in the coating
is always desirable. In the meantime, adequate mechanical properties of the coating
are also essential for the end-use reliability of the coating. Only by comparing the
residual stress to the mechanical properties can the reliability of the coating be
practically assessed. It is also worth noting that the mechanical properties of the
acrylate photoresist coating also vary considerably depending on the post-lithography
curing conditions. Another objective of this research is to evaluate a variety of curing
conditions by considering both residual stress and mechanical properties of the
acrylate photoresist, and then the optimal curing conditions can be reasonably
selected. This objective will be achieved in Chapter 3.
Undoubtedly, different processing conditions result in different residual stresses as
well as different mechanical and physical properties of the photoresist coating. These
differences in the material are a result of their different molecular and super-molecular
structures generated during processing. In order to design a mechanically stable and
reliable photoresist coating, a full understanding of the structure-property
relationships of the photoresist material is essential. The next objective of this
research is to fully characterize the photoresist coating and relate the structure and
properties of the material to its curing conditions. The network structure of the
photoresist generated during curing procedures determines the properties of the
material. In addition, for a multi-component polymer system such as the photoresist
in this research, the material properties are also strongly relied on its morphology.
x
Since the material properties change dramatically during its glass transition, Tg is also
an important characteristic of the photoresist. Therefore, the characterization of the
photoresist includes thermal behavior, chemical structure and morphological
structure. These important characteristics of the photoresist are expected to be highly
dependent on the post-lithography curing conditions. Since these characteristics
determine the performance of the photoresist coating during application, the
investigation of the structure-property relationships of the photoresist is a
fundamental part of this research.
Chapter 4 is devoted to the characterization of the morphology of the photoresist.
The phase-separate morphology of the material will be characterized by transmission
electron microscopy (TEM) in this chapter The structures of each phase will be
studied by selected area electron diffraction (SAD). In addition, the morphological
change during the curing process will also be characterized and discussed in detail.
Chapter 5 is assigned to characterize the thermal properties of the photoresist. A
variety of thermal analysis instruments such as Differential Scanning Calorimeter
(DSC), Thermogravimetric Analyzer (TGA), Dynamic Mechanical Analyzer (DMA)
and Thermomechanical Analyzer (TMA) have been employed for this purpose. The
thermal analysis was focused on the thermal transitions of the photoresist coating,
especially the glass transitions. Other thermal phenomena such as evaporation of low
molecular weight species and chemical reaction will also be discussed in this chapter.
As discussed earlier, the residual stress, structure and properties of the acrylate
photoresist coating highly depend on its post-lithography curing conditions. To
obtain a desirable photoresist coating, an important issue is to select the optimal
curing conditions. However, only by fully understanding the curing mechanisms, can
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the selection of the optimal curing conditions become possible. Therefore, the last
objective of this research is to study the curing mechanisms of the acrylate
photoresist. The investigation of the curing chemistry of the acrylate photoresist will
be discussed in Chapter 6.
In summary, the ultimate goal of this research is to select the optimal curing
conditions for the acrylate photoresist so that a final product with low residual stress
and satisfactory material properties can be obtained.
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Figure 1 1 Schematic of the radical and condensation crosslinking reactions
of the acrylate photoresist.
1
1
CHAPTER 2
VIBRATIONAL HOLOGRAPHIC INTERFEROMETRY
2.1 Introduction
This chapter will discuss the vibrational holographic interferometry technique used
to characterize two-dimensional stress in films and coatings. Both theoretical and
experimental aspects will be discussed in detail. In the first section, the history and
previous applications of holographic interferometry will be reviewed, and the
principles of the vibrational holographic interferometry technique in this thesis will be
discussed. The relation between isotropic stress in a film sample and its natural
frequencies will be briefly reviewed based on membrane vibration theory. The
experimental aspect of the holography technique will also be described. The next
section will focus on the capability of the technique to characterize anisotropic biaxial
stress in films and coatings. This capability makes the technique unique and superior
to other current stress measurement techniques. The theoretical analysis of the
relations between principal stresses and resonant frequencies as well as the
experimental identification of the principal directions will be discussed in detail. In
addition, an empirical method using a circular sample to determine the principal
directions and the two principal stresses simultaneously will also be given. In the
third section, the technique will be extended to the measurement of stress in thick and
rigid films and coatings, which deviate from ideal membrane behavior. Plate vibration
theory, which considers stiffness effects, and the two theoretical boundary conditions
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will be discussed. It will be proven that a theoretical relation between stress and
resonant frequencies can be approximately obtained with fairly good accuracy if the
stiffness effect is within certain limits. It will also show that the above theoretical
relation is valid for most polymer films and coatings with reasonable sample sizes. At
the end of this chapter, the unique features and advantages of the vibrational
holographic interferometry technique will be summarized.
2.2 Holographic Interferometry Technique
Residual stress is a very important issue for the end-use reliability of coatings. The
currently used techniques measure the displacement of the sample, the strain, rather
than stress itself. For example, to obtain the stress value from the beam bending
technique, one must assume linear elastic behavior of the coating material, and also
know the thickness of the coating as well as the elastic constants of the substrate.
Therefore, the stress is obtained indirectly and several limiting assumptions are
involved. In this research, a convenient and reliable technique for direct measurement
of stress in films and coatings will be developed and improved. The technique uses
holographic interferometry to directly determine the in-plane stress in the sample.
2.2. 1 Holographic Interferometry Review
Although the basic principles of holography were described as early as 1948 by
Gabor [1948], it was only after the introduction of the laser that this novel technique
became truly practical. The two-beam holographic interferometry process was
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successfully developed by Leith and Upatnieks [1962, 1963, 1964 and 1965] for
three-dimensional photographic recording in the early 1960's. The equipment was
similar to that in Fig. 2. 1
.
A beam of coherent laser light is split into two beams
through a beam splitter. One of the beams is the reference beam, and the other is the
object beam that illuminates the object. When the two beams are superimposed on a
photographic plate, the result is an interference pattern that, after the plate is
developed, is recorded on the photographic plate as the hologram. The hologram is
simply a pattern of interfering wavefronts recorded on a photographic plate, and
shows no resemblance to the original object. However, when the hologram is re-
illuminated by the reference beam, the interaction of the hologram with the incident
light reconstructs the wavefronts and forms the image of the object. This image can
then be viewed with the eye or other optical instruments [Pennington, 1968; Taylor,
1979].
Suppose the object is slightly deformed after its hologram has been taken. The
wavefronts from the deformed object will be warped due to the object deformation,
while the wavefronts reconstructed by the reference beam on the hologram remain
unchanged. Therefore, an interference pattern is formed on the photographic plate by
the addition of the two wavefronts and can then be observed. This process is
described as real-time holographic interferometry.
An experimentally convenient method to record the interference pattern of a
deformed object is by double exposure holography [Hefkinger, et al., 1966], The first
exposure records the wavefronts associated with the undeformed object, and the
second exposure is associated with the deformed object. After the hologram is
developed and the two recorded wavefronts are reconstructed, an interference pattern
of the subject deformation is visualized. For measuring out-of-plane displacements,
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double exposure holography is a convenient and effective method and is widely used
in industry for the study of static deformation.
Shortly after Leith and Upatnieks introduced the two-beam holography, Powell
and Stetson [1965] developed time-average holographic interferometry to study
steady-state vibration problems. The hologram can be taken in the usual way while
the subject is vibrating. The exposure time is several times longer than the period of
vibration. Since the vibrating subject spends most of the time at the two maximum
amplitude positions where the velocity is zero, the exposed hologram records
primarily the wavefront associated with the extreme positions in the vibration cycle.
When the wavefronts recorded on the hologram are reconstructed, a vibration mode
shape can be visualized Time-average holographic interferometry has been a
powerful tool for studying vibrating objects and recording resonant mode patterns.
Both real-time and time-average holographic interferometry have been widely used
for the study of vibrating objects during the last twenty years. Most of the
applications focused on the study of vibration induced strain or displacement of the
subject [Engelstad, et al., 1987; MacBain, 1978]. In this dissertation, holographic
interferometry is used to determine the resonant frequencies and identify vibration
mode patterns. The resonant frequencies and the corresponding vibration modes
obtained from the holographic interferometry is used to resolve the stress values in
the samples. The focus here is the two-dimensional stress rather than strain or
displacement of the sample. During this study, real-time holographic interferometry is
used to determine the resonant frequencies of the samples, and time-average
holographic interferometry is used to record the vibration mode patterns. In this
dissertation, the method to measure the in-plane stress in film samples by vibrational^
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exciting the sample and observing the resonant frequencies using holography is called
vibrational holographic interferometry.
2.2.2 Vibrational Holographic Interferometry
The idea using vibrational holographic interferometry for the direct measurement
of stresses in films and coatings was originally proposed by Dr. R. J. Farris [Maden
and Farris, 1989; Maden et al, 1990]. A film sample can be considered as a
membrane if its thickness is negligible compared to its size. Based on classic
membrane vibration theory, the in-plane stress in a two-dimensional membrane is
related to its natural frequencies [Pines, 1968]. In particular, the natural frequencies
of the membrane increase as the square root of the in-plane stress Therefore, the
stress in a membrane can be related to its natural frequencies, which can be observed
as resonant frequencies by vibrational holographic interferometry. Since the coating
and the substrate away from the edges are not mechanically interacting, a
dimensionally constrained coating sample may be removed from the substrate without
altering its original state of stress [Farris et al, 1990]. This sample then can be
vibrationally excited. When the external driving frequency coincides with one of the
natural frequencies of the coating sample, a clear interference pattern can be observed
by holographic interferometry [Vest, 1979], The stress value in the coating can be
resolved from the resonant frequencies of the sample as well as the corresponding
vibration modes. The vibration mode can be identified from the holographic
interference patterns at the corresponding resonant frequencies.
In contrast to other current stress measurement techniques that measure stain of
the sample, the vibrational holographic interferometry technique in this study
measures the stress in the sample directly. In addition, the only material parameter
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required in this technique is the density of the sample. Since any one of the natural
frequencies can be used to resolve the stress, this method has a powerful check for
internal consistency.
2.2.3 The Theory of Membrane Vibration
The classic theory of membrane vibration will be reviewed briefly in this section.
Detailed discussion can be found in published literature [Pines, 1968; Meirovitch,
1967]. Some assumptions are necessary for the membrane vibration theory. The in-
plane stress is assumed constant around the boundary. In addition, the uniform
thickness of the sample is also assumed, and therefore the stress is also constant
throughout the membrane sample. The out-of-plane displacement of the membrane
during vibration is assumed sufficiently small so that the in-plane stress is not affected
by vibration. Under these assumptions, the stress remains constant, independent of
position, time and out-of-plane displacement. Practically, these assumptions are
appropriate for most film and coating samples as well as the sample preparation
method described in section 2. 1 .4 of this dissertation. The out-of-plane displacement
of the sample required by the vibrational holographic interferometry technique is very
small (about 1-2 (im) and the change in stress due to the displacement is estimated as
less than 1%.
Without external loads on the sample, the governing equation for a membrane
with isotropic biaxial stress a is,
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Where V2 is the Laplacian operator, p is the density of the membrane sample, t is
time and w is the out-of-plane displacement of the membrane. Notice that the only
material parameter that enters the governing equation is the density of the sample, p.
No other material parameters are involved.
For a circular membrane with radius R, the governing equation (2.1) can be
solved by using Bessel functions and the relation between stress and natural
frequencies can be expressed as,
a = 4tc2PR2 (~)
2
(2.2)
M-ni
Where, a: stress
p: density of the material
R: radius of a circular sample
v
ni : resonant frequency of vibration mode n,i (n=0, 1, 2,... and i=l, 2, 3,...)
|i
ni :
the ith root of the nth order Bessel function, which has been tabulated in
the literature [Abramowitz and Stegun, 1964]
For the case of a square membrane with side length L, the stress can be related to
the natural frequencies as,
<* = 4pL 2 (^) 2 (2.3)
Where, vmn : resonant frequencies of vibration with mode [m,n]
L: the side length of the sample
m, n: integer mode numbers, 1, 2, 3,
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As shown in equations (2.2) and (2.3), the stress in a membrane can be related
directly to its natural frequencies. The natural frequencies can be determined by
vibrating the sample. When the external vibrating frequencies coincide with one of
the natural frequencies of the sample, the amplitude of the vibration reaches its
maximum and a characteristic interference pattern can be observed by real-time
holographic interferometry. Therefore, this natural frequency can be identified as a
resonant frequency. The corresponding vibration mode can also be identified by the
interference patterns simultaneously.
2.2.4 Sample Preparation
For film samples such as elastomer films, the film can first be stretched and fixed
on a wood board. A constraining washer with either a circular or square hole can
then be glued on the pre-stretched film. The sample on the constraining washer with
tension is ready for the vibrational holographic interferometry measurement.
For coating samples such as the acrylate photoresist material in this study, the
polymer material can first be laminated on the substrate by blade-coating, spin-coating
or dry-film process. The substrate is pre-coated with a thin layer of tin. After the
coating material on the substrate is processed as desired, a constraining washer with
either a circular or square hole is glued on top of the coating. A mercury bath is used
to dissolve the tin layer between the polymer coating and the substrate. Then the
coating film sample constrained on the washer is separated from the substrate and
ready for the vibrational holographic interferometry measurement. A typical sample
preparation procedure for a coating material is illustrated in Figure 2.2.
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The change of the stress in the polymer coating due to substrate removal has been
analyzed theoretically [Timoshenko and Goodier, 1970; Maden, et al., 1992]. The
results indicated that the change in stress due to substrate removal can be reduced by
increasing the ratio of the thickness and stiffness of the substrate to that of the
membrane. Practically, for any reasonable combination of polymer coating and
substrate the change of the stress in the coating due to substrate removal is negligible.
2.2.5 The Vibrational Holographic Interferometry Equipment
The vibrational holographic interferometry equipment is schematically illustrated in
Figure 2 1 The equipment is a typical two-beam holographic interferometry. The
coherent light source is a 5 mW helium-neon laser with wavelength of 6328 A. The
laser beam is split into two beams by a variable beam splitter as the reference beam
and the object beam. The variable beam splitter can be adjusted for different intensity
ratios of the two split beams. The reference beam and the object beam are
superimposed on a thermoplastic holographic plate. The thermoplastic holographic
plate is used to record the interference pattern of the two beams as the hologram.
The thermoplastic plate can be developed in-situ by electronic charging of a
holographic camera (Newport Research Corporation, HC301). The thermoplastic
plate can be used repeatedly up to 300 times. It is known that the air surrounding the
membrane may shift the resonant frequencies. The air effect on the vibrations of a
membrane has been discussed and published (Maden, et al., 1990). All the
experiments in this research were performed under vacuum conditions ( < 20 torr).
The film sample on a constraining washer is rigidly mounted inside a vacuum
chamber. The entire chamber is connected to a piezoelectric shaker (Wilcoxon
Research) driven by a frequency generator (Wavetek, Model 190). The frequency
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generator can produce sinusoidal vibration with various frequencies and adjustable
amplitudes. A hologram should be taken on the thermoplastic holographic plate as
the static image of the sample. Then the sample is vibrational^ excited by the
piezoelectric shaker and the frequency generator. The dynamic image of the vibrating
sample is superimposed on the hologram recorded on the thermoplastic plate. As
discussed in section 2.1.3, once the driving frequencies coincide with one of the
natural frequencies of the sample, the vibration amplitude reaches its maximum and a
characteristic interference pattern appears. The interference pattern can be viewed by
a TV monitor through a video camera behind the thermoplastic plate. The resonant
frequency can be read directly from a digital frequency counter (Bruel & Kjaer
Precision, 180) connected in the equipment system. An electronic printer (Mitsubishi
Video Copy Processor) is also connected to the video camera to print interference
patterns. A time-average hologram can also be taken using this equipment. After the
resonant frequencies of the sample are determined, the time-average hologram can be
taken while the sample is vibrating at one resonant frequency. Figure 2.3 and 2.4
show typical time-average holographic interference patterns printed by the electronic
printer. Since the interfered wavefronts are time-averaged, the interference patterns
are usually more distinct. From these interference patterns, the vibration mode (m,n
for square as in Fig. 2.3 and n,i for circular as in Fig. 2.4) can be determined. The
obtained resonant frequencies and their corresponding vibration modes can then be
used to resolve the stress in the sample according to equations (2.2) and (2.3). As
discussed above, in order to measure the stress in a sample, it is not necessary to
measure the out-of-plane displacement. Deferring from previous applications,
vibrational holographic interferometry in this study focuses on the determination of
resonant frequencies of the sample and the corresponding vibration modes.
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2.2.6 Isotropic Stress Measurements
Figure 2.5 shows the stress results of a pre-stretched Latex film measured by the
vibrational holographic interferometry technique. The Latex film was stretched
equally in different directions to generate isotropic in-plane tensile stress in the
sample. Then a constraining washer was glued on it to maintain the tensile stress in
the sample. Figure 2.6 shows the stress results of a photoresist sample measured by
the technique. The photoresist film was laminated on a tin-coated steel substrate and
processed appropriately. Tensile stress was generated in the photoresist during
processing. After a constraining washer was glued on it, the sample was released
from the substrate in a mercury bath as described in section 2.1.4. One circular and
one square constraining washers were used for both the Latex and the photoresist
sample. As the results indicated, the differences of the stress results obtained from
circular and square samples are within experimental error. The stress results obtained
from circular and square samples can be considered virtually equivalent. This
confirms that both circular or square samples can be used for the vibrational
holographic interferometry measurement. The results from both sample geometries
based on equations (2.2) and (2.3) are equally valid.
Another noticeable feature of the results is the consistency of the experimental data.
As the membrane vibration theory predicted in section 2.1.3, any of the resonant
frequencies can be used to resolve the stress value in the sample. In either Figure 2.5
or 2.6, the stress data calculated from each individual resonant frequency formed a
straight line. The consistency of the data is better than 1.5% in both cases. The high
data consistency indicates that the experimental results obtained from the vibrational
holographic interferometry match the membrane vibration theory exceptionally well.
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The high data consistency also assures the high reliability and accuracy of the
technique.
2.3 Anisotropic Biaxial Stress Analysis
In the last section, it was exhibited that isotropic in-plane stress can be successfully
measured by the vibrational holographic interferometry technique. In many cases,
especially for polymer films and coatings, anisotropy is a commonly found
phenomenon. It is believed that the anisotropy is a result of polymer chain
orientation. In-plane anisotropic stresses, or anisotropic biaxial stresses, are
generated during processing due to the anisotropic nature of the materials. There are
no existing techniques that can successfully characterize the anisotropic biaxial stress
in film and coating materials. Therefore, to develop a technique for anisotropic stress
characterization is quite challenging and of great practical interest. In this section,
vibrational holographic interferometry will be developed to characterize the
anisotropic state of stress in films and coatings. As discussed in the last section,
either circular or square samples can be used for the measurement of stress There is
no a noticeable difference in the results. In the case of anisotropic stress
measurement, it turns out that a square sample more appropriately serves the purpose.
The theoretical analysis for a square sample can be analytically achieved, and the
holographic interference patterns for a square sample can also be easily identified and
assigned to their corresponding vibration modes.
2.3.1 Theoretical Analysis
In the general case of two-dimensional stress analysis, the state of stress in a
membrane can be expressed as a stress tensor,
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[o] =
In the simplest case of isotropic state of stress, the shear stress a = a = 0 andxy yx *
the normal stress a
xx = cyy = c. Only one stress parameter is required to characterize
the stress state for the sample as already discussed in section 2.1.3. However, in the
case of anisotropic biaxial stress, the shear stress is not equal to 0 (a^ * 0), and the
two normal stresses are not equal to each other (a^ * o
yy ).
Obviously, there are
three parameters required to fully characterize the anisotropic state of stress. The
governing equation for a square membrane with anisotropic biaxial stress is,
cPw 3 2w d 2w d 2w
CT
~ 3x>
+ 2G
*y frfy
+ a
yy = P 9^ (2-5)
For two-dimensional stress analysis, there are always a special pair of orthogonal
directions called principal stress directions. If they are chosen as the coordinate axes,
the shear stress vanishes (o
xy
= ayx = 0) and the two normal stresses are known as the
two principal stresses a, and c2 [Malvern, 1969]. In the case of anisotropic state of
stress, these two principal stresses are not equal (c
{
* G2 ). Instead of 3 stresses, the
anisotropic state of stress can be fully characterized equivalently by these two
principal stresses and the principal directions.
If the two principal stress directions are known, they can be chosen as the
coordinate axes and a square sample can be made with its sides parallel to the
principal stress directions. By doing so, the anisotropic state of stress can be
characterized by two parameters and equation (2.7) is simplified to the following
form,
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In addition, the boundary conditions are also simplified as,
w(0,y,t) = w(L,y,t) = w(x,0,t) = w(x,L,t) = 0 (2.7)
The simplest form of the solution of equation (2.6) is,
w(x,y,t) = Ksin(— x )sin(— y )sin(comn t) (2.8)
Inserting the solution (2.8) into the equation (2.6) leads to,
/ m7C nnM— )^^(r^^P^n) 2 (2.9)
or equivalently,
a, m2 + a2 n
2
= 4pL 2(vmn)
2
(2.10)
Where, Vmn =~ comn are the resonant frequencies of the sample in units of Hz,
which can be determined when the sample is vibrating at its natural frequencies.
a2
If 5 is defined as the ratio of the two principal stresses, e.g., 8 = —
,
equation
(2.10) can be solved analytically and the two principal stresses can be expressed as:
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V 2
_ _ mn
(2.11)
c2 = 8 a, (2.12)
In addition, the stress value in the sample should be the same for all the different
resonant frequencies. That means,
il 2
mn
4pL2vmn
2 4pLV
a
'
~ (m 2 + 5 n 2 ) ~ (m' 2 + 5 n' 2 ) (2 - 13 )
Therefore, the value of 5 can be calculated by any pair of different resonant
frequencies or averaging the results from all the available resonant frequencies,
(v'2 m2 - v 2 m' 2 )
6
~ (v2 n'2 - v' 2 n 2 ) <
2 " 14)
Where v and v represent two different resonant frequencies with vibration mode
(m,n) and (m', n'), respectively. By using all the measured resonant frequencies
from the vibrational holographic interferometry and equation (2.14), the ratio
between the two principal stresses, 8, can be determined. The value of 5 can then be
inserted into equation (2. 1 1) to resolve one principal stress, a,, and then the other
principal stress from equation (2.12).
An alternative and equivalent way to resolve the two principal stresses from
equation (2. 10) is using a linear regression method. By applying linear regression on
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all the available resonant frequency data to the equation (2.10), the best fit principal
stresses a, and a2 can be obtained. Particularly, the linear regression program
FITGLM in RS/1 Data Analysis System was used for the results in this thesis.
Unfortunately, there is no analytical solution for a circular membrane with an
anisotropic state of stress. A numerical analysis method has to be used to resolve the
relation between the principal stresses and the resonant frequencies for a circular
membrane. The detailed discussion of numerical methods is beyond the scope of
this thesis and can be found in a related publication. [Tong, et al., 1993].
2.3.2 Identification of the Principal Stress Directions
The key question remaining is how to identify the principal stress directions.
Unfortunately, the principal stress directions are not obvious in most cases. It turns
out that the vibrational holographic interferometry is specially powerful for this
purpose. Figure 2.7 and 2.8 shows the holographic interference patterns of a Latex
film with an anisotropic state of stress. The latex film was deliberately stretched
differently in two orthogonal directions to generate anisotropic biaxial stress in the
sample. The unique patterns shown in Figure 2.7 and 2.8 are not present in the
samples with isotropic stress. The patterns are clear indications of the existence of
the anisotropic state of stress and also show distinctively the two principal stress
directions. The square samples used for Figure 2.7 were deliberately mounted with
certain angles to the stretching directions. The interference patterns clearly show the
principal stress directions in the sample. The principal directions are especially
distinguishable in circular samples. In circular samples, the principal stress directions
always remain as the symmetric axes of the interference patterns of all vibration
modes. Therefore, a circular sample can be used to first identify the principal stress
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directions. After the principal directions are known, a square sample can then be
made with its side parallel to the principal directions. This square sample with known
principal stress directions can be used to determine the values of the two principal
stresses according to equation (2.1 1), (2.12) and (2.14).
2.3.3 Results and Discussion
The experimental results of a dental rubber film and a Latex film are shown in
Table 2.
1
and Table 2.2, respectively. The samples were stretched with extension
ratios 1 1 and 1 2 in two orthogonal directions, respectively, to generate anisotropic
biaxial stresses. Square samples were made with the sides parallel to the stretching
directions. The resonant frequencies of the samples were measured by the vibrational
holographic interferometry. The results of the principal stresses in the samples were
resolved by both the analytical method using equations (2.1 1), (2.12) and (2.14) and
the linear regression method using FITGLM computer program.
The acrylate photoresist without filler content was also examined. After
determining the principal stress directions by a circular sample, a square washer was
glued on the sample with the sides parallel to the principal directions. The results are
shown in Table 2.3 and 2.4. Table 2.3 shows the data of one acrylate photoresist
sample. The results resolved from both the analytical method and the FITGLM linear
regression method are substantially the same. Table 2 .4 shows the results of the
acrylate photoresist cured by various curing conditions. It is also worth noting that
the stress results calculated from all the obtained resonant frequencies are highly
consistent. The relative errors are less than 1.5% in all the cases.
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One feather associated with the anisotropic biaxial stress is the vibration "mode-
splitting" phenomenon. In the case of a square sample with isotropic stress, the mode
number m and n are symmetric in equation (2.3). Therefore, the resonant vibrations
of modes [m,n] and [n, m] coincide and appear at the same resonant frequency.
Practically, it was observed that the interference patterns turn 90 degrees within a few
Hz. However, in the case of anisotropic state of stress, the two vibration modes are
separate. As shown in equation (2. 1 1), the mode numbers m and n are no longer at
equal position. Ifm*n, the resonant vibrations of mode [m,n] and [n,m] should
appear at different resonant frequencies. Exactly as the theory predicted, it was
observed that the two interference patterns associated with the two separate
vibrations appeared at different frequencies. The interference patterns of the two
separate vibrations are exactly the same but perpendicular to each other. The two
perpendicular patterns are symmetric to the two orthogonal principal stresses
respectively Generally, the larger the ratio of the two principal stresses is, the larger
the frequency difference between these two separated modes. A pair of holographic
interference patterns of mode [3,1] and [1,3] of a square photoresist sample are
shown in Figure 2.9.
Similar phenomenon was also observed for circular samples with anisotropic
biaxial stresses, although there is no appropriate mode numbers to assign to the split
vibrations. Figure 2.10 shows the interference patterns of the split mode (1,1) of a
circular Latex sample. In the case of isotropic stress, it was observed that the nodal
line of the pattern may arbitrarily choose any direction and rotate 90° within a few
Hz. However, the anisotropy causes "mode-splitting" -- the vibration mode (1,1)
degenerates and splits into two separate resonant vibrations appearing at different
frequencies. The nodal line of the pattern was perpendicular to its corresponding
principal stress direction. Because the principal directions are orthogonal, the nodal
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lines in the two interference patterns are also perpendicular to each other. It is worth
noting that the first vibration mode (0,1) does not split. This is true for both circular
and square samples. It is also worth noting that the "mode-splitting" phenomenon
may cause sequence reversal of the resonant vibrations. It was observed that the
lower degenerated mode of a higher vibration appeared at a frequency even lower
than that of the upper degenerated mode of a lower vibration. It is true as long as the
ratio of the two principal stresses is large enough. An example of a circular sample is
shown in Table 2.5. The sample was a Latex film pre-stretched with different
extension ratios in two orthogonal directions. The ratio of the two principal stresses,
8, was about 2.35. As shown in the table, the resonant frequency of the lower
degenerated vibration (0, 2) is lower than the resonant frequency of upper
degenerated vibration (2, 1). Similar vibration sequence reversal was also observed
for square samples. Table 2.6 shows the results of a pre-stretched Latex film with
anisotropic biaxial stress. The ratio 5 in this case is about 1.7. The vibration [2, 2]
did not split. The resonant frequency of vibration [3, 1] is lower, but the resonant
frequency of vibration [1, 3] is higher than the resonant frequency of vibration [2, 2].
2.3.4 Empirical Method
As discussed in previous sections, anisotropic biaxial stress can be successfully
characterized by vibrational holographic interferometry. However, the method seems
inconvenient experimentally because one has to identify the principal stress
directions using a circular sample, then make another square sample to determine the
values of the principal stresses. The difficulty to align the sample exactly to the
principal directions may also introduce errors in the final results. Therefore, an
empirical method using only one circular sample to identify the principal stress
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directions and determines the values of the principal stresses simultaneously was
developed.
It is important to note that there are only two sample parameters involved in the
determination of stress by vibrational holographic interferometry. They are density
p of the material and the sample dimension, e. g., radius R in the case of a circular
sample. If all the samples have the same density and the same dimension, the
relationship between the stress and the resonant frequencies should be the same
regardless of the nature of the samples. If combining these two parameters with the
stress to form one variable, its relation to resonant frequencies should be "universal"
for all samples. In other words, a "universal" relation between the stress in the
sample and the resonant frequencies can be established with the two adjustable
parameters, density, p, and radius, R. This "universal" relation can be determined
using any kind of material and applied to all materials. The stress in any individual
sample can be determined from the "universal" relation with appropriate density and
sample dimension of the sample.
As discussed previously, anisotropy causes the ( 1, 1) vibration of a circular
sample to split into two degenerate modes. The frequency difference of these split
modes is related to the difference of the two principal stresses, e.g., is related to the
ratio of the two principal stresses, 8 = a2 la x . Although this relation can not be
expressed analytically for a circular sample, it can be established empirically. It is
also an important fact that the first mode (0, 1) of a circular sample with an
anisotropic state of stress does not split. It can also be proven that the first mode
frequency is related to the average of the two principal stresses in the sample [Tong,
et al., 1992]. Generally, the higher the average principal stress in the sample, the
higher the first mode frequency. The relation between the principal stresses and the
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first mode frequency can also be established empirically. Summarizing the above
discussion, there are two empirical curves to be determined. The first curve
establishes the relation between the ratio of principal stresses, 5, and the ratio of the
frequencies of the two splits (1,1) modes. From the two split resonant frequencies,
the ratio of the two principal stresses can be determined from this curve. The second
curve then relates 5 to the first mode frequency v0)1> and the lower principal stresses
with adjustable parameters of material density p and sample radius R. With
appropriate material density, p, and sample size, R, the lower principal stress can be
determined by 5 and the first mode frequency v0 ,.
The "universal" curves are shown in Figure 2.1 1 and 2.12. The data of the
"universal" curves were obtained from a series of Latex film samples. The samples
were stretched differently in two orthogonal directions to generate anisotropic states
of stress. The elongation ratio in one direction remained 1.1, while the elongation in
the other direction varied from 1 .2 to 2.0. Therefore, a series of samples with
various ratios of principal stresses, 5, were prepared. One square sample and one
circular sample were made for each 5 value. The resonant frequencies of the first
mode and the split second mode of the circular Latex samples were determined by
real time holographic interferometry. Since the principal stresses can be determined
by square samples as described in section 2.2.1, The ratios of the principal stresses,
5, and the values of the principal stresses in the samples were determined by the
corresponding square samples. The results of the Latex samples used to make the
"universal curves" are listed in Table 2.7. The obtained 5 values from square
samples and the resonant frequencies of the split (1,1) vibration obtained from
corresponding circular samples were used to make the "universal" curve I. The 5
values and the resonant frequencies of the first vibration (0, 1) obtained from circular
samples were used to make the "universal" curve II. The actually used variable in
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"universal" curve II is R> (V(U)*. By using this variable, the curve can be
applied to all the other samples with the material density, p, and the sample
dimension, R, as adjustable parameters. Proper units are necessary for the variables.
In those curves, the SI unit system was used. MPa is used for stress, kg/rtf for
density, meter for sample dimension, and Hz for frequency. From the "universal-
curves, one needs to make only one circular sample and obtain the principal
directions and the principal stress values simultaneously. The principal stress
directions of the sample can be identified by the vibrational holographic interference
patterns as discussed before, and the values of the two principal stresses can be
determined by measuring the resonant frequencies of the circular sample and using
the empirical "universal" curves. Therefore, this empirical method offers a great
advantage of practical convenience.
2.4 The Effect of Bending Stiffness
All the discussions in previous sections are based on the classic theory of
membrane vibration. Membrane vibration theory can be applied to thin glassy
polymer films such as polyimides with the thickness of about 10 um, or to soft
polymer films such as Latex films with moduli in the order of IMPa without any
significant deviation. However, for thick and stiff polymer films and coatings, the
membrane vibration theory becomes no longer applicable and obvious deviation
from the membrane theory occurs. This is due to the bending stiffness effect of the
samples during vibration. The important parameter that measures the stiffness effect
Eh2
of a sample is the flexural rigidity D = j^Tj ^T, where E is modulus, h is thickness
and v is Poisson's Ratio. For thick and stiff samples, the flexural rigidity D is
relatively large when compared to the in-plane stress a. Therefore, the bending
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stiffness effect ofthe sample is no longer negligible. In this case, the stress data are
not consistent for all the natural frequencies as in the case of isotropic state of stress,
but increase steadily with increasing resonant frequency. For the photoresist
polymer investigated in this research, the thickness is about 100 um and the moduli
of fully cured samples are usually close to 3 GPa. For these samples, the relation
between residual stress and the natural frequencies from membrane theory become
no longer applicable and severe deviations were observed. In order to apply the
vibrational holographic interferometry to thick glassy polymer materials, the
theoretical modification to the relation of the stress and the natural frequencies is
essential.
2.4.1 Theoretical Analysis
)
/
As the thickness and modulus of a film sample increase, the bending stiffness of
the sample begins to play an important role in affecting the natural frequencies. In
this case, the plate vibration theory, which considers stiffness effects can be applied to
thick and stiff films and coatings. However, the boundary conditions need to be
carefully investigated and discussed. The governing equation for the vibration of a
plate is [Leissa, 1969]:
a2w
D v4w-a v 2w + p-^- = 0 (2.15)
where,
_ Eh2 a=
12(1 . v2)
: flexural ng,dity
E: Young's modulus
h: thickness
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w: out-of-plane displacement
cr: in-plane stress
t: time
v: Poisson's ratio
V4= V 2-V 2 and y 2 : the Laplacian operator
For a membrane, the only boundary condition needed to be prescribed is the out-
of-plane displacement w = 0 at boundary. However, for a sample with the bending
stiffness effect, there are two boundary conditions which are "simply supported" and
"clamped":
w = 0, and v
2w = 0 simply supported (2. 1 6)
w = 0, and yw • n = 0 clamped (2. 1 7)
Where n is the normal to the boundary.
A very important comment about the governing equation can be made before we
examine particular solutions. The stiffness effect can be neglected when
DC=— -^0 (Circular) (2.18)
Dn2
C=— -^0 (Square) (2.19)
Where R and L are dimension scales associated with the sample, e.g., the radius of a
circular specimen, R, and the side length of a square specimen, L. In these limits,
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ideal membrane behavior with governing equation (2.1) is obtained. Therefore, C is
an important parameter that indicates the significance of the stiffness effect of the
sample.
It is well known that neither the "simply supported" or "clamped" boundary
conditions can be practically realized in experimental conditions. The common
belief is that the samples behave as if they had boundary conditions intermediate
between the two theoretical extremes. The "simply supported" boundary conditions
represent a great amount of freedom at the edge of the samples. The "simply
supported" boundary conditions is an approximation for the sample preparation
method described in section 2.1.4, because the samples used for vibrational
holographic interferometry are fixed at the boundary on the constraining washer. On
the other hand, the "clamped" boundary conditions represent totally rigid fixation of
the samples at the boundary. It also implies a high value of flexural rigidity, D, or
high bending resistance of the sample. The "clamped" boundary conditions are not
practically satisfied by the sample preparation method in section 2.1.4 either.
Compared to other materials, such as metals and ceramics, the flexural rigidity D for
polymer materials is much smaller. The stiffness effects are not severe for polymers
and the values of the C parameter for most polymers usually are small numbers. In
addition, the sample is glued only on one side on the constraining washer. Some
extent of flexibility of the polymer sample at the boundary is expected. Therefore,
the real boundary conditions of the polymer samples used for vibrational
holographic interferometry are somewhere between the two theoretical boundary
conditions. Like other plate samples, the real boundary conditions can not be
expressed explicitly in mathematics form.
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Unfortunately, only in the case of a square sample with "simply supported"
boundary conditions can the governing equation (2.15) be analytically solved. In
this case, the solution is the same as that in the case of membrane vibration,
w(x,y,t) = Ksin(™ x)sin( ™ y)sin(comn t) (2 .20)
Inserting the solution (2.20) into equation (2.15) leads to,
Drc2
CT = 4PL2 (m%-T^m2+n2) (2.21)
It is important to point out that the first term in the expression (2.21) is exactly
the same as that obtained from membrane vibration theory in equation (2.3). The
additional second term represents the bending stiffness effect. If the stress calculated
using only the first ideal membrane term is denoted as apparent stress, o
ap , it
increases linearly with (m 2 + n 2 ). Therefore, if the flexural rigidity, D, of a sample is
not negligible, the membrane vibration theory can no longer be applicable. The
increasing apparent stress is due to the bending stiffness of the sample, that is
represented by the second term in equation (2.21). On the other hand, because the
apparent stress increases with increasing (m2 + n 2 ), the intercept of a plot of a
a
versus (m2 + n 2) yields the real stress, c, in the sample. Details of this linear plot
will be discussed in next section.
For "clamped" boundary conditions, the governing equation of a square sample
can only be solved numerically. A complete discussion of the numerical solution
with the "clamped" boundary conditions is beyond the scope of this thesis.
However, it is a very important fact that if the bending stiffness is relatively small,
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the results from the two limiting boundary conditions are close. The results of the
fundamental frequency based on numerical analysis using a variational method is
listed in Table 2.8 [Weinstein and Chien, 1943]. As shown in the table, if the
parameter C = DkVgU is less than 0.01, the difference in natural frequencies using
the two limiting boundary conditions is less than 5%. For most polymer films and
coatings with reasonable sample sizes, the C parameter is estimated in the range of
0.001 to 0.01. It is also important to point out that the C parameter can be reduced
by increasing sample size. As the stiffness effects decrease and the C parameter
becomes smaller, the natural frequencies from the two limiting boundary conditions
become closer and approach to the results of ideal membrane. Therefore, the
analytical result from "simply supported" boundary condition in equation (2.21) can
be approximately applied to most polymer films and coatings. Because stress is
proportional to the square of natural frequencies, the maximum difference in the
result of stress between these two boundary conditions is less than 10% if the C
parameter is less than 0.01
.
T he actual relative error for the measurement of stress is
expected to be even less since the real boundary conditions of the samples are
between those two limiting cases.
In the case of a circular sample, a numerical analysis is required for either
boundary conditions. To determine the natural frequencies of a circular sample is
equivalent to finding the roots of following equations involving Bessel functions
[Wah, 1962],
W<*) A o J P 2 + Trhr simply supporteda T7aT p T7bT = (1 "v) (2 -22)JnW W)
[ Q damped
(3
2
- a2 = aRVD (2.23)
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where Jn is the Bessel function of the first kind of order n, and I
n is the modified
Bessel function of the first kind of order n. The natural frequency is given in terms
of the roots a
ni as following,
v 2 = — - l + (2.24)
where i refers to the ith root of the equation (2.22), and n indicates the roots come
from the equation (2.22) with nth order Bessel function in the denominator.
Obviously, when C = D/aR 2 -> 0, equation (2.24) reduces to the expression for
natural frequencies of a membrane and cc
ni
= um . Based on the numerical analysis
results of Wah [1962], the values of the roots for an ideal membrane, u.
ni , are
between the values of a
ni obtained from the two theoretical boundary conditions.
Specifically, the a
nj values of the "simply supported" boundary conditions are lower
than \L
ni,
and the oc
ni values of the "clamped" boundary conditions are higher than u\
ni
.
It is important to note that the values of a
ni
obtained from either boundary conditions
are not constants but variables. They change with the significance of the stiffness
effects, which is represented by the parameter C. This fact makes the problem very
complicated and solutions inconvenient. It implies that one has to perform a
numerical analysis for each individual case to obtain the appropriate oc
ni
values. In
addition, as discussed before, the results obtained from neither theoretical boundary
conditions are the exact one. Therefore, it is desirable to find an approximate
method that can be used to solve the problem instead of the complicated numerical
methods. To serve this purpose, an approach similar to the case of square sample
can also be applied to circular sample. If the stiffness effects are not severe, e.g., if
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the value of C is within certain limits, the values of cc
ni from both theoretical
conditions are close to the corresponding values ofHn, In addition, as the value of C
decreases, the values of a
ni obviously approach the corresponding ^. Therefore,
for small values of C, replacing a
ni by nni can be a good approximation. It will be
proven in next two paragraphs that this argument is valid for most polymer samples
with reasonable sample dimensions.
By replacing ocm by [im , the stress can be related to the natural frequencies as
following,
a = 4K>pR>g)2
-|(M' (2.25)
Similar to the case of square samples, the first term in the expression represents
the pure membrane behavior and the second term represents the stiffness effect. The
square of the roots of the Bessel functions, (|i
ni )
2
,
in the case of a circular sample has
an analogous role to (m 2 + n 2 ) of the square samples. Jagota performed a numerical
analysis to compare the results of stress obtained based on \i
ni
and a
ni . The detailed
discussion is beyond the scope of this thesis and can be found in a related publication
[Tong, et al., 1993]. In order to limit the maximum error in stress results to within
10%, it was found that the corresponding C parameter should be less than 0.003. As
shown in equations (2. 1 8) and (2. 1 9), because there is a difference of factor n2 in the
definition of C in square and circular samples, the requirement of C < 0.003 in the
case of a circular sample can be satisfied even easier. Therefore, circular samples
can be applied to more varieties of thick and stiff polymer samples. Similar to the
case of a square sample, if C is small and (i
ni
can be used instead of oc
ni ,
the real
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stress a and the rigidity D of the film can be extrapolated by plotting the apparent
stress a
ap vs. the square of the roots (u
ni )
2
.
In general, if C is small, equations (2.21) and (2.25) can be used as good
approximations for the stress measurement of thick and stiff polymer films and
coatings. For a square sample, the governing equation can only be analytically solved
for "simply supported" boundary conditions. However, if the parameter C, which is a
measure of the stiffness efFects, is less than 0.01, the analytical relation obtained by
assuming the "simply supported" boundary conditions can be used with maximum
error in stress results less than 10% For a circular sample, numerical analysis is
required for both boundary conditions. The oc
ni
from the "simply supported"
boundary conditions are the "lower limit" of u
n) of an ideal membrane, and a
ni
from
the "clamped" boundary conditions are the "higher limit". In addition, the results of
oc
ni are close to nni of the idea membrane if the bending stiffness is not severe and the
C parameter is small. If the parameter C < 0.003, the values of the roots of Bessel
function for an ideal membrane, n ni , can be used as a good approximation for a
ni
with
maximum error in stress results less than 10%. Practically, the values of the C
parameter for most glassy polymer samples with reasonable sample sizes range from
0.001 to 0.01 for square samples, and range from 0.0001 to 0.001 for circular
samples. It is worth noting that the C values can be further reduced by increasing
sample dimensions. It is also worth noting that the real errors by using these
approximations are much less than that theoretically analyzed, since the real
boundary conditions are somewhere between the two theoretical extremes.
Therefore, equation (2.21) and (2.25) can be widely applied to most polymer
samples with very good accuracy and reliability.
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2.4.2 Results and Discussion
As discussed earlier, one of the advantages of vibrational holographic
interferometry is that the only material parameter required is the density of the
material. However, since the flexural rigidity, D, contains modulus and thickness of
the material, (refer to equation 2.15) it implies that one has to know these two
parameters of the sample if equations (2.21) and (2.25) are used directly to resolve
the stress. This is a loss of an important advantage of the technique. However,
equations (2.21) and (2.25) also indicate that the apparent stress, G
ap , which is the
stress value obtained by only considering the first term in these equations and
ignoring the second term, increases linearly with (m 2 + n 2 ) for square samples, and
wit*1 (^ni)
2 for circular samples, respectively. If the apparent stress data are plotted
as a function of (m 2 + n 2 ) for square, or as a function of (|i
ni )
2 for circular samples,
the data should form a straight line. In summary, the apparent stress, a
ap , can be
represented by the following equations,
o
ap = o [ 1 + C (m 2 + n2 ) ] (Square) (2.26)
a
ap = a [ 1 + C (u nj )
2
] (Circular) (2.27)
where a is the real stress in the sample, a
ap and C are defined as following,
4pL2 (vmn )
<*ap= (m2+n2) (Square) (2.28)
47i2pR 2 (vj 2
<*.p= TTTi (Circular) (2.29)
(H„i)
;
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(Square) (2.30)
c-
D
aR2 (Circular) (2.31)
As indicated by equations (2.26) and (2.27), the data of a
ap form a straight line.
The intercept of the line is the real stress in the sample, a, and the slope of the line is
the product of the parameter C and the stress a. Because the C parameter is related
to the flexural rigidity D based on equations (2.30) and (2.31), D can be estimated
from the slope of the line. Therefore, by making these plots, the real stress, o, and
flexural rigidity, D, of the sample can be extracted by a linear least square fit to the
apparent stress data, a
ap . The intercept of the plot yields the value of the real stress,
a, while the slope yields the rigidity, D, of the sample. In order to calculate the
apparent stress, a
ap , which is the first term in equations (2.21) and (2.25), only
material density is required. The significant advantage of this linear plot method is
that it does not require the modulus and thickness of the sample to resolve the stress.
This feature retains the advantage of the vibration holographic interferometry. In
addition, if one of the two constants, modulus E or Poisson's ratio v, of the sample is
known, the other can be resolved from the value of D.
Another equally convenient method can be used to resolve the stress in the
sample. A linear regression can also be applied on equation (2.21) and (2.25). By
using all the available resonant frequencies, the best fit values of stress, c, can be
obtained. In addition, the best fit C value can also be obtained simultaneously.
Therefore, either linear extrapolating the apparent stress or linear regression method
can be used to resolve the value of the real stress a and C parameter without going
through tedious computations. Both of the methods have the advantage of
43
convenience. No elastic constants of the material are required. The only material
property necessary is the density. All the results present in this thesis were obtained
by these two convenient methods.
Figure 2. 13 and 2.14 show the results by the linear extrapolation method for a
square and a circular sample, respectively. The results obtained by a linear regression
program, FITGLM program, are also shown in the lower left corner of the figure.
The photoresist samples were about 100 urn thick with moduli about 3 GPa. For a
glassy polymer sample with thickness of 100 urn, the bending stiffness effect is
obvious and must be considered. However, for the square photoresist sample with
length of 3. 1 cm, the estimated C value was only about 0.007. For the circular
photoresist sample with a radius of 1.9 cm, the C value was only 0.0017. Both of the
samples satisfied the requirements of C parameter for approximation. Therefore,
equation (2.21) and (2.25) are valid for these samples. The "simply supported"
boundary conditions and |i
ni can be used approximately for square and circular
samples, respectively. Linear extrapolation and linear regression methods were both
applied to these samples. As shown in the figures, the apparent stress formed a
straight line in both cases exactly as the theory predicted and the data fit the line very
well. The results of linear regression are also listed in the figures. The correlation
coefficients were usually as high as 99%.
In order to study the validity of the approximations by using "simply supported"
boundary conditions for square samples and by replacing oc
ni with [ini for circular
samples, a series of acrylate photoresist samples with different sample dimensions
were prepared. After the photoresist was fully cured on the substrate, a series of
constraining washers with different hole sizes were glued on it. Then a mercury bath
was used to release the samples from the substrate and a series of samples with
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different sample dimensions were made. Since the samples made in this way came
from the same sample board, the stresses in the samples should be the same.
However, the values of C, the stiffness effects of the samples, were different due to
the different sample sizes. The measured stress results are plotted in Figure 2.15 for
square samples, and in Figure 2.16 for circular samples, respectively. As the
dimension of the sample decreases, the slope of the line increases. The increase of the
slope indicates that as the C parameter increases, the stiffness effect becomes more
significant as predicted by equation (2.26) and (2.27). Figure 2.15 shows the results
of a series of square samples The side lengths of the samples were 3.15, 2.54 and
1.90 cm, and the corresponding values of C were estimated as 0.003, 0.005 and
0.008, respectively. Because the values of C for all the samples were satisfied with
the requirement, C < 0.01, the obtained stress values were consistent with each other.
The deviation of the measured stresses for these samples was less than 5% and it can
be considered within experimental error. In addition, the flexural rigidity, D, of the
samples remained consistent with each other The corresponding values ofD of these
samples were resolved from the slopes of the lines and they were 5 .8, 5.9 and 5.9
Newtons, respectively. Figure 2. 16 shows the results of the circular samples. The
radii of the samples were 2.54, 1 .90, 1 .29 and 0.95 cm, the corresponding values of C
were estimated as 0.0004, 0.0009, 0.0017 and 0.0032, and the values ofD were 5.7,
5.6, 5.4 and 5.4 Newtons, respectively. As shown in the Figure, the apparent stress
data of the sample with the largest radius were almost flat. This fact indicates that the
largest sample with C value of 0.0004 is very close to an ideal membrane and the
stiffness effects can almost be neglected As the sample size decreased and the value
ofC increased, the stiffness effects became more significant and the slope of the line
increased. However, despite the values of C were increased about 8 times, the results
of measured stresses were deviated from each other within 0.5 MPa, or less than 5%.
The lowest stress measured was 13.3 MPa with the largest sample and the highest
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13.8 MPa with the smallest sample. It is worth noting that the measured stress did
not increase consistently with decreasing sample size. The stress of the sample with
smaller sample radius of 1 .29 cm was 13 .3 MPa, which was lower than the stress 13 .5
MPa of a larger sample with diameter 1.90 cm. Therefore, the deviation of results
should be considered came from experimental error. It is also worth noting that the
highest value of C among these samples was only 0.0032. For a typical glassy
polymer material with modulus about 3 GPa, Poisson's ratio 0.4, thickness 100 urn
and in-plane stress about 10 MPa, to satisfy the condition of C < 0.003 only requires
a sample diameter R > 1 cm. Similar estimation can also be made for square polymer
samples. The requirement of C < 0.01 for a square sample requires the sample length
L > 1.7 cm. It is obvious that those requirements can be easily satisfied by most
polymer samples. In addition, equations (2.21) and (2.25) can also be applied to
thicker samples by increasing the sample dimension correspondingly. Therefore, the
experimental results prove that equations (2.21) and (2.25) can be widely applied to
most polymer samples with reasonable sample dimensions. It also suggests that the
above methods can be applied to other materials such metal films and ceramic plates,
as long as the sample dimensions are larger enough to satisfy the requirements of the
C parameter.
2.4.3 Combination of The Stiffness Effect and Anisotropy
For stiff and thick polymer samples with anisotropic stresses, a theoretical analysis
of the relation between residual stress and the natural frequencies can also be
conducted. The theoretical analysis should include both stiffness effects and
anisotropic stress characteristics. Some of the photoresist polymer samples
investigated in this dissertation show both stiffness effects and anisotropic stress
characteristics.
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It is possible to combine the two theoretical developments discussed in the
previous sections to solve the problem for a square sample. When the state of stress
is anisotropic and stiffness effects are also important, the governing equation for a
square sample is:
V<w + am^ + 2axy— + ayy_ = p |^ (2 32)
Similarly, the first term in the equation represents the bending stiffness effects.
Only one D is used in the equation to simplify the problem. Since the stiffness
effects are not severe for most polymer samples, assuming Dxx = Dyy = Dxy = D is a
fairly good approximation.
As discussed earlier, if the C value is lass than 0.01, the "simply supported"
boundary condition can be used as a good approximation for the real boundary
conditions. For a square sample with edges aligned along the principal axes and
assuming "simply supported" boundary conditions, the solution is the same as that in
equation (2.10) and the following relation can be obtained,
4rc2P v
2
mn = D (n 2 + m 2 ) 2 (f)
4 + (a, n 2 + a2 m
2
) (^)
2 (2.33)
Similar to that discussed in section 2.2.2, the following expressions for 5, the
ratio of the two principal stresses, can be obtained,
p (A'
m
2
- A m' 2 )
S = \ A ,2 T , ' (2.34)(A n - A n 2 ) v '
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Where,
A = O v 2
- (m2 + n 2) 2 (2.35)
A' = O v'2
- (m'2 + n' 2 )
2
(2.36)
4pR*
D*2 (2-37)
After the ratio of the two principal stresses, 5, is determined, the following
expression can be obtained,
v.
2
^ .1.-.T -
mn Drc2 (m 2 + n 2 )2
Gl
"
4pL (m 2 + 5 n 2 ) " 17 (m 2 + 5n 2 ) (2 -38 )
a2 - 6 a, (2.39)
However, to resolve the principal stresses from the above explicit expressions
could be tedious due to the complicated mathematical computations. A similar
linear extrapolation method can be applied to resolve the principal stresses. With
known 6, the first term in equation (2.38) can be calculated as the apparent stress
<T
ap . By plotting the apparent stress data versus (m 2 + n 2 )2/(m2 + 5 n2), the real stress
o, can be resolved as the intercept of the plot. However, this linear extrapolation
method still seems tedious. Therefore, a linear regression method applied to
equation (2.33) is preferred. Theoretically, with any three resonant frequencies, it is
possible to extract the two principal stresses as well as the rigidity D from equation
(2.33). Alternatively, all the available resonant frequencies can be used to extract
48
the three unknowns, a„a
2 and D simultaneously by applying linear regressions to
equation (2.33).
A square photoresist sample with both anisotropic stress and stiffness effect was
measured by vibrational holographic interferometry. The results from the linear
extrapolation method are shown in Figure 2.17. The results of the two principal
stresses by this linear extrapolation method are 7.35 and 8.68 MPa, respectively. A
linear regression program - FITGLM was also applied to equations (2.33) with all
the available resonant frequency data. The results of the principal stresses are 7.37 ±
0.06 and 8.72 ± 0.08 MPa, respectively.
2.5 Summary of Vibrational Holographic Interferometry
Vibrational holographic interferometry has been developed to characterize the
state of stress in films and coatings In contrast to other current stress measurement
techniques, the technique measures the in-plane stress in the samples directly
Although linear elasticity should be assumed when the bending stiffness effects are
important, the only material property required is density No other elastic constants
are required to resolve the stress in the sample. The strength and versatility of this
technique come from the fact that the vibrational analysis can yield many resonant
frequencies of the sample. The redundancy forms a strong internal consistency check
on the assumptions and the theories used in this technique. In all the cases, the
experimental results and the theories matched extremely well, and that has proven the
accuracy and the reliability of the technique A significant feature that makes this
technique superior to other current stress measurement techniques is its capability to
characterize anisotropic biaxial stress in film and coating samples. No other technique
has this capability. This technique can also be used to measure in-plane stress for
49
thick and stiff samples by modification of the theory, which greatly extends its
applicability. Another feature of this technique is that all the results can be obtained
without complicated mathematical computation. In most cases, a simple linear
regression program can be applied to extract the results. Empirical methods are also
given for practical convenience Besides the convenience feature, this technique is
also accurate and reliable compared to other current techniques. In all the cases, the
relative errors of the results are less than 10%. The result consistency can be as high
as 1%. The technique has great potential to be applied to other materials such as
metal films, ceramic plates, anisotropic composites, etc. In addition, this technique is
also appropriate to study the temperature effects and humidity effects on the in-plane
stress in film and coating samples. Therefore, the development of vibrational
holographic interferometry is not only essential for the accomplishment of this thesis,
but also should influence the general field of two-dimensional stress measurement.
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Table 2.1 Results of Dental Rubber Film (Extention Ratio 1.1 X 1.2)
5 Parameter Calculation FITGLM Least Square Fitting
5 I48 1.49
a
i (MPa) 0.272 0.274
MMPa) 0.398 0.401
Table 2.2 Results of Latex Film (Extention Ratio 1 . 1 X 1
.2)
5 Parameter Calculation FITGLM Least Square Fitting
S 1.30 1.30
G\ (Mpa) 0.78 0.79
<*2 (Mpa) 1.02 1.03
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Fundamental Frequency for Different Boundary Conditions
(Simply Supported) (Clamped)
0.2 36.928 49.580
0.05 65.467 76.124
0.02 100.65 110.60
0.01 140 96 148.26
0.005 198.38 207.79
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CHAPTER 3
EVALUATION OF CURING PROCESSES
3.1 Introduction
In this chapter, the residual stress of the acrylate photores.st will be characterized
by vibrational holographic interferon^. It was found that the residual stress in the
photoresist strongly depends on the curing conditions. The residual stresses of the
photoresist processed with various curing conditions will be systematically studied.
The variables of the curing conditions include thermal curing temperature, UV
radiation dosage as well as the sequence of the thermal and UV cures. In order to
design the photoresist to be mechanically reliable and yet practically applicable, low
residual stress in the photoresist is desirable. However, adequate mechanical
properties of the photoresist are also essential. Only by comparing mechanical and
physical properties to the residual stress of the photoresist can the optimal curing
conditions be reasonably selected. It was found that the mechanical properties of the
photoresist also vary considerably depending on the processing history. This chapter
will focus on the evaluation of processing conditions by considering both the
residual stress and the mechanical properties of the photoresist.
3.2 Curing Conditions of the Photoresist
The typical processing procedures of the photoresist are schematically illustrated
in Figure 3.1. The procedures include: lamination, lithography, development,
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thermal cure and/or UV radiation cure. Only a small dosage of UV light is applied
during the lithography procedure, and it has little influence on the mechanical
properties of the cured photoresist coating. Before the curing procedures, the
photoresist is a soft and compliant material. It was found that the residual stress in
the photoresist at this stage was negligible. The residual stress was generated mostly
from the post-lithography curing procedures. In addition, the final properties of the
photoresist are also highly dependent on the curing conditions. Therefore, the
discussion in this chapter will focus on the effects of various thermal and UV
radiation curing conditions on the residual stress and mechanical properties of the
photoresist.
The two common curing methods that can be used for the photoresist are thermal
baking and UV radiation. Both methods will be employed in this study. As
discussed in Chapter 1, there are two crosslinking reactions involved in the curing
process of the photoresist. They are radical and condensation reactions. A
minimum temperature is required to start the condensation reaction, and different
curing temperatures result in different extents of cure. In addition, different curing
temperatures develop different residual stresses due to the thermal mismatch of the
photoresist and the substrate. Similarly, different UV dosages result in different
extents of cure, and a certain amount ofUV radiation is also required for the
completion of cure of the photoresist. If both thermal and UV radiation cures are
employed, the curing sequence may also result in different residual stresses and
mechanical properties of the final product. Therefore, the variables include thermal
baking temperatures, UV radiation curing dosage as well as the curing sequence of
the thermal and UV cures.
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3.3 Mechanical Properties
As discussed earlier, the mechanical properties of the photoresist are also critical
for the mechanical reliability of the material. In addition to low residual stress, a
stronger material is also desirable. The printed circuit boards are expected to be used
in different environments. Temperature changes in the environment may generate
large thermal stress [f the ther mal stress is beyond the maximum strength of the
photoresist, failure occurs. In generally, a stronger material has higher resistance to
cracking and higher mechanical reliability In summary, the desired photoresist
coating after processing should have low residual stress and also exhibit high
mechanical performance.
Tensile modulus or Young's modulus is the most commonly used parameter to
describe the mechanical behavior of a material In the simplest case of a one
dimension sample, it is defined as the ratio of stress and its corresponding strain The
modulus of the photoresist can also be used as an indication of extent of cure. Before
the curing procedures, the photoresist is a soft and compliant material. The modulus
of the photoresist in this stage is very low As the extent of cure increases, the
modulus of the photoresist increases until the material is close to its completion of
cure. At this stage, the glass transition temperature of the photoresist is much higher
than ambient temperature. Similar to other glassy polymer materials, the modulus of
the fully cured photoresist coating is about 3 GPa. The ultimate strength of a material
is a measure of the strength of a material It is defined as the maximum stress the
material can support before it breaks As discussed earlier, large thermal stress may
be built up in the photoresist during environmental temperature change. In order to
avoid cracking of the photoresist during its application, high ultimate strength is
required for mechanical stability. Ultimate strain is another related parameter to
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describe the mechanical behavior of materials. It is defined as the maximum strain of
the material when it breaks. It is also an important parameter in determining
mechanical failure of a material, especially for the photoresist coating in this thesis.
Environmental temperature change also causes dimensional changes of the photoresist
coating. Because the thermal expansion coefficients of polymer materials are usually
high, the dimensional change due to environmental temperature variation is expected
to be considerably large. Therefore, three basic mechanical parameters were chosen
to describe the mechanical performance of the cured photoresist coating. They are
tensile modulus E, ultimate strength a
ult and ultimate strain £
ulf
3.4 Experiment
The samples for mechanical tests were prepared during the lithography procedure
by using a protective film with an artwork pattern. The artwork film has a pattern
with a number of 5 mm by 100 mm strips. The photoresist was first laminated on a
piece of tin-coated steel. Then the photoresist was exposed to a low dosage of UV
light while in contact with the strip artwork film. After cured as desired, the strip-
like samples were removed from the substrate by amalgamating the tin layer in a
mercury bath. The samples for holographic interferometry measurements were
prepared as described in section 2.3. Constraining washers were glued on the
photoresist samples. Then the samples were released from the substrate by mercury
amalgamation. The samples for holographic interferometry, mechanical and other
measurements were prepared on the same board to assure consistent results.
The mechanical properties were measured using an Instron tensile testing
apparatus [ASTM, 1988]. The gauge length was 75 mm and the strain rate was
0.0022 (second)-' for all the samples. The modulus, E, ultimate strength, o
ul„
and
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ultimate strain, e
ult , were taken from the stress-strain curve of the strip samples. The
modulus value of the material was taken as the initial slope of the curve. The
ultimate strength, a
ult , and ultimate strain, e
ull , were resolved from the load and the
elongation at break. The results were averaged from 5 strip samples and the
deviation of the results was typically 15 %. A typical stress-strain curve of the
photoresist sample is shown in Figure 3.2. In addition, density is also required to
determine the residual stress in the photoresist by vibrational holographic
interferometry. The density measurements were conducted using a density gradient
column. All the measurements were performed at room temperature. The glass
transition temperatures (Tg) and other thermal analyses of the samples were obtained
using a Du Pont 2000 Differential Scanning Calorimeter.
3.5 Results and Discussion
3.5.1 The Effects of Thermal Curing Temperature
Like all thermally induced chemical reactions, a minimum temperature is required
to start the reaction. To determine this temperature, a Differential Scanning
Calorimeter (DSC) analysis was performed for the photoresist sample. Figure 3.3
shows the DSC spectrum of a photoresist sample before the curing processes. The
exothermic peak is an indication of the thermally induced condensation reaction of the
material. As shown in the figure, the exothermic peak starts at 150°C and reaches its
maximum at 175°C. Accordingly, the temperatures chosen for the experiments to
study the effects of curing temperature are 150°C and 175°C. The curing time for
both curing temperatures was 1 hour A hot plate oven was used to thermally cure
the photoresist The oven was pre-heated to the desired temperature. After the
samples were placed in the oven, the temperature in the oven was monitored and
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controHed automatically by a temperature controller. The temperature deviation
during the curing process was less than 5 °C.
The results for the residual stress, modulus, ultimate strength, ultimate strain, glass
transition temperature and density of the photoresist cured with different
temperatures are listed in Table 3 .1.
As the results indicated, when the curing temperature increased from 150°C to
175°C, the residual stress in the photoresist became higher The thermal stress
generated from the thermal mismatch of the coating material and the substrate is
usually the most important source of residual stress [Plepys and Farris, 1990; Taylor,
1993] As the following relation indicates, the thermal stress is proportional to the
modulus of the coating, E, the difference of thermal expansion coefficients between
the coating and the substrate, Aa, as well as the difference of the temperature that the
coating is processed and the temperature that the stress is measured, AT. In the case
of a two-dimensional sample, a factor of (1 - v) is added, in which the v is the
Poisson's ratio of the coating material.
E Aa
C
™~"7l^) AT (3-1)
Besides the increased modulus of the material, the higher curing temperature
increased the temperature difference AT, and that also added to the thermal stress
generated by thermal mismatch of the photoresist and the substrate. It can also be
observed from the results that the modulus, E, ultimate strength, a
ult , as well as the
glass transition temperature, Tg, of the photoresist were all increased by increasing
the curing temperature. Above the glass transition temperature of the material,
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modu.us can be considered as an indication of the extent of cure, or the crosslink
strength show that the photoresist sample cured at 1 7S°r wp c 175 C achieved higher extent of
cure, and has higher crosslink density. The higher Tg of this sample can a,so be
considered as evidence of increased crosslink density. However, other mechanisms
-ay also cause increased modulus and Tg. For example, more tow molecular weigh,
speces, such as monomers, initiators and cross,inking agents
,
may be evaporated
«o htgher curing temperatures. These effects need to be further investigated and will
be discussed in Chapter 6.
3 5.2 The Effects ofUV Radiation Curing Dosage
Ultraviolet radiation is a common energy source to generate radicals and induce
radical chemical reactions. "Quantum yield" is a very important concept in photo-
polymerization technology. It is defined as the number of propagating radical chains
initiated per photon absorbed. Like all the other radical reactions, the extent of cure
of the photoresist depends on the number of photons irradiated, e.g., the UV radiation
dosage. As the UV radiation dosage increases, it is expected that the extent of cure
of the photoresist will also increase until the UV radiation is sufficient to complete the
radical crosslinking reaction. The extent of cure of the photoresist can be monitored
by its mechanical properties such as modulus and ultimate strength. As the radical
crosslinking reaction propagates, those mechanical properties will increase. In
addition, the thermal effect of the UV radiation also plays an important role in the UV
radiation curing process. A conventional UV radiation source was used for the UV
process of the photoresist. Besides the ultraviolet radiation, the conventional UV
source also generates other radiation, such as infrared radiation. Therefore, a
considerable amount of heat may be generated during the UV process. Some effects
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are the immediate results of the heat generated during the UV process. The heat
keeps the photoresist in an elevated temperature above its glass transition temperature
and material remains in its rubbery state during the UV process. The elevated
temperature keeps the mobility of the molecules high and the radical reaction
propagating. However, the high temperature during the UV curing process also
causes higher thermal stress as discussed in last section. The other effect is that the
elevated temperature during the UV curing process may evaporate some low
molecular weight monomers, initiators and crosslinking agents. This is especially true
at the surface of the photoresist The evaporation of these molecules affects the
subsequent crosslinking reaction and also contributes to the increased modulus and
ultimate strength of the photoresist. Another effect of the heat generated during the
UV curing process is the possibility that elevated temperature may induce the
condensation crosslinking reaction. If the temperature of the photoresist is higher
than that required for the condensation reaction, the condensation crosslinking
reaction will occur during the UV curing process. It was found that the temperature
of the photoresist during the UV curing process could be well above the temperature
required for the condensation reaction. The time of the UV curing process is
relatively short. The condensation reaction is therefore not expected to occur to a
large extent. However, the possibility that the condensation reaction occurs during
high UV dosage cure can not be excluded.
The UV curing apparatus used for the UV curing process was the same system as
that used in the lithography procedure. The sample is placed on a moving conveyer
belt and passed though a UV curing system (Laboratory Curing System, Model A-
012-005, UV Process Supply, Inc.). The lamp intensity used was 300 (W/inch 2 ).
The curing dosage was measured by a UV radiometer and controlled by adjusting
the conveyer belt speed. The space in the UV curing apparatus is limited and the
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sample is moving within the apparatus. It is difficult to use a conventional
temperature measurement device, such as a thermal couple, to estimate the surface
temperature of the photoresist during the UV curing process. These devices can
provide erroneous results because they can also heat during uv exposure
.
Therefore, a series of crayon tags were adhered on the photoresist. Each crayon tag
has a specified temperature. ,f the environmental temperature exceeds the specified
temperature of a crayon tag, the color of the crayon tag permanently changes to
black. The crayon tags go through the UV process along with the photoresist. Then
the highest temperature the photoresist experienced during the UV process can be
measured.
The results of the residual stress, ultimate strength and modulus of the photoresis
cured with different UV radiation dosages are plotted in Figure 3.4, 3.5 and 3.6,
respectively. As expected, the residual stress in the photoresist became higher with
increased UV curing dosage. The modulus and the ultimate strength of the
photoresist also increased with the increased UV curing dosage. The increased
modulus and ultimate strength indicate that the extent of cure was increased for
higher UV radiation dosage. As shown in the figures, the increase in residual stress,
modulus and ultimate strength were most significant during the first 2 J/cm 2 UV
radiation. Those properties seemed to be leveling off up to 4 J/cm2 UV radiation.
This fact indicates that the first 2 J/cm 2 UV radiation is the most efficient and that
most of the crosslinking reaction occurred during the first 2 J/cm2 UV radiation. It is
also interesting to note that an obvious increase in those properties can be seen from
the figures when the UV dosage exceeds 5J/cm 2
. The reason for such an obvious
increase is worth further discussion.
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The temperature of the photoresist during UV cunng process fa expected tQ
urease as the UV radiation dosage increases. The surface temperatures of the
Photoresist during the UV curing process are listed in Table 3.2. As seen in Table
3.2, the surface temperature of the photoresist during the UV radiation cure was
consistently increasing. At the dosage of 5 J/cm* UV radiation, the temperature on
the surface of the photoresist exceeds 160 °C. Based on thermogravimetric study of
the photoresist, weight loss was observed when the temperature of the photoresist
exceeds 150 'C. In addition, the surface temperature of the photoresist at the UV
curing dosage of 5 J/cm> was much higher than the required temperature for
condensation reaction to occur ( 150T, based on DSC spectrum). The elevated
temperature at the high UV dosage may have also triggered the condensation
reaction. Therefore, at a dosage of 5 J/cm> the temperature of the photoresist was
high enough to induce the condensation crosslinking reaction and evaporate some
low molecular weight molecules. The crosslinking reaction and the evaporation of
low molecular weight molecules cause shrinkage of the photoresist. The confined
dimension of the photoresist results in increased residual stress. Although the time
during the UV curing process is less than 1 minute and the condensation reaction is
not expected to occur to a large extent, it can account for the increased ultimate
strength and modulus. A detailed discussion can be found in Chapter 5 of this thesis.
3.5.3 Dual UV and Thermal Cures and The Effects of Curing Sequence
As discussed in the last two sections, either thermal baking or UV radiation
curing methods can be used to cure the photoresist. The evidence of cure is the
increased modulus and ultimate strength of the photoresist after the thermal or UV
curing processes. In this section, the residual stress and mechanical properties of the
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photoresist cured with both curing methods are studied. The effects of curing
sequence are also discussed.
The results of the photoresist cured with both curing processes are listed in Table
3.3. The results for the material with singular cure are also listed in the table for
comparison. The symbol "TH" indicates thermal curing process and the
temperatures CC) are specified by the number in the following brackets. The time
of thermal cure was one hour for all the samples. The symbol »UV» indicates UV
radiation cure and the dosages (J/cm>) are specified by the numbers in the following
brackets.
Comparing to the samples cured with only thermal or UV curing process, the
dual cured photoresist with both thermal baking and UV radiation cures are
significantly stronger. The ultimate strength was increased from about 20 (MPa) in
the case of singular cure to about 40 (MPa) in the case of dual cures. The higher
ultimate strength of the dual cured photoresist indicates a higher extent of cure, or
higher crosslink density in the material. However, the residual stresses of the dual
cured photoresist samples were also significantly higher. The residual stresses were
only 1.5 (MPa) and 2.1 (MPa) for thermal cure at 150T and UV radiation cure of
4J/cm2
,
respectively. If the photoresist was dual cured with both curing processes at
same curing conditions, the residual stresses increased to 5.4 MPa and 8.2 MPa
depending on the curing sequences. These stresses are also significantly higher than
the simple summation of the residual stresses due to the singular curing processes.
In addition, the residual stresses due to dual cures are also significantly higher than
the singular cure with higher thermal curing temperature or higher UV curing
dosage. The residual stress due to thermal cure at 175 °C was 4.1 MPa and the
residual stress due to UV cure at a dosage of 6J/cm 2 was only 3.0 MPa. In summary,
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dual cures result in a significantly stronger materia, than either singular cure This
fact is an indication of higher crosslink density generated due to dual cure, Dual
cures also result in significantly higher residual stresses in the photoresist.
As shown in Table 3.3, the photoresist cured with UV radiation first followed by
a thermal cure had a higher ultimate strength. However, the sample also showed a
significantly higher residual stress. The high residual stress implies that the sample
will be more prone to mechanical failures during its application, such as cracking
and/or domination. The high residua! stress may also cause warping of the printed
board under extreme environments. Similar trends were also observed for other
curing temperatures and UV radiation dosages. Table 3.4 listed the residual stresses
of the photoresist coating cured with various curing conditions. As shown in the
table, the samples cured with UV radiation first followed by a thermal cure always
showed significantly higher residual stresses. By simply changing the curing
sequences, significantly different results were obtained. The sample cured with UV
radiation first is a stronger material but has significantly higher residual stress.
However, although the sample cured with thermal baking first showed a little lower
strength, its lower residual stress indicates that it may be more reliable in terms of
mechanical failures. The difference in final properties of the photoresist due to
different curing sequences lies in their different curing mechanisms. The curing
mechanisms of the photoresist will be discussed in detail in chapter 6.
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3.5
Strain (%)
Figure 3.2 A typical stress-strain curve of the cured photoresist. The sample was cured
with 4 J/cm2 UV radiation first followed by thermal baking at 150 °C for one hour.
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Table 3.
1 Comparison of Thermal Curing Temperature
TH(150)
TH(175)
Residual
Stress
(MPa)
1.5
4.1
Modulus
(GPa)
1.6
2.1
Ultimate Ultimate
Strength Strain
(MPa) (%)
20.8 10
33.4 4
Tg
(°C)
34
41
Density
(10 3kg/m 3
)
1.35
1.35
Table 3.2 Surface Temperature Versus UV Curing Dosage
UV Dosage ( J/cm 2 ) 1
Temperature ( °C) 99
2
132
3
143
4
154
5
166
6
177
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Table 3.3 Comparison of Various Curing Processes
Curing UV(4)
Condition
Residual
Stress
(MPa)
2.1
UV(6) TH(150) TH(175) TH(150)- UV(4)
-
UV(4) TH(150)
3.0 1.5 4.1 5.4 8.2
Modulus
(GPa)
1.3 2.6 1.6 2.1 2.9 2.9
Ultimate
Strength
(MPa)
17.0 27.3 20.8 33.4 37.9 45.2
Ultimate
Strain(%)
2.3 1.6 10.0 3.7 2.6 2.9
Tg(°C) 29
Density
(10 3kg/m 3
)
1.34
31
1.34
34
1.35
41
1.35
43
1.36
44
1.35
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Table 3.4 Effects of UV and Thermal Curing Sequence
TH First TH(150)UV(2 TH(150)UV(4 TH(175)UV(2 TH(175)UV(4
) ) ) )
Residual ;
Stresses 5.1 5.4 6 7 5 o
(MPa)
UV First UV(2)TH(150 UV(4)TH(150 UV(2)TH(175 UV(4)TH(175
}
) ) )
Residual
Stresses 8.5 8.2 12 0 11 4
(MPa)
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CHAPTER 4
MORPHOLOGY
4.1 Introduction
It is well known that the physical and mechanical properties of a polymer material
depend on its supermolecular structure, e.g., the morphology of the material. It is the
supermolecular structure that directly determines the final properties of the material.
The extent of crystalline orientation affects the mechanical performance of fibers and
films. The crystallimty, size of the crystals and the crystal size distribution affect the
impact resistance, toughness and transparency of plastic products. The morphology is
even more important for polymer blends because most multi-component polymer
systems form distinct phases. The properties of a multi-component polymer material
greatly depend on the phase-separated morphology of the material. The size, size
distribution, shape and degree of dispersion of the phases, all of those characteristics
strongly affect the final properties of the polymer products. The properties can be
significantly different if a polymer is processed differently and forms different
morphologies, even through the chemical structure of the polymer chain is identical.
Therefore, the morphological investigation of the multi-component acrylate
photoresist in this thesis is an essential part to establish the relationships between its
structure and properties, and optimize the processing conditions to obtain desired
product properties. This chapter will focus on the characterization of the morphology
of the acrylate photoresist. The morphology of the photoresist will be characterized
by transmission electron microscopy (TEM). The structures in each phase will be
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further characterized hy se,ec,ed area electron diffraction (SAD) In addition the
morphological changes during various curing conditions will also be discussed in
detai! in this chapter. X-ray diffraction is also applied ,o assist the characterization of
the structure of the photoresist.
For all multi-component polymer systems, miscibility is of primary importance in
understanding the fundamental behaviors of the blend material. The photoresist
material in this dissertation is a multi-component polymer system. It contains two
major components, the multi-functional acrylate monomer and the linear polyacrylate
binder. It can be considered essentially as a polymer binder system plasticized with a
low molecular weight polymerizable monomer. Based on the classical Flory-Huggins
theory, the free energy of mixing can be expressed as:
AGmix = AHmix - T ASmix
r
where G is the Gibbs free energy, H is enthalpy, S is entropy and T is absolute
temperature. To make a totally miscible polymer-monomer system, it requires AGmix
< 0, or favorable free energy of mixing. If this criterion can not be met, a multiphase
or phase separated system is formed.
Polymer-monomer systems, like the acrylate photoresist in this dissertation, were
once considered homogeneous [Chang, et al., 1969; 1988; Notley, 1970]. However,
some investigations by transmission electron microscopy (TEM) and thermal analysis
revealed the heterogeneous nature of most polymer - monomer formulations
[Maerov, 1985, 1986]. Monroe, Gulley and Shimshick [1986] studied a similar
acrylate polymer binder-monomer system. They found that the mixture formed two
phases in the composition range of 30 - 90 % polymer binder. In addition, some
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investigators have also pointed out that the formation of
.homogeneity may occur
Prior to, during and after photo-polymerization [K.oosterboer, 1987, Kloosterboer, et
al., 1984]. The homogeneity or heterogeneity nature of the photoresist is a primary
characteristic of the material. If the photoresist is phase-separated, the shape, size
and dispersion of the phases are important factors for its end-use properties. The
effects of processing conditions on the morphology of the photoresist are also
important. By studying the morphology of the photoresist, the relationship between
the morphology and the properties of the photoresist is expected to be established.
All the information obtained from the morphological study can be used to improve the
final properties of the photoresist by optimizing its processing conditions.
4.2 Experiments
4.2. 1 Sample Preparation
The photoresist film sample prior to and after various curing processes can be used
directly for X-ray diffraction study Different sample preparation methods were used
to prepare the samples for TEM study. The glass transition temperatures for all the
cured samples are about or above room temperature Therefore, the samples are in
glassy state and can be microtomed at room temperature. These samples were
microtomed using a Sorvall Porter-Blum MT2 - B Ultra-microtome and picked up on
copper grids. The thicknesses of the samples were approximately 800 A.
The glass transition temperature of the uncured photoresist is well below room
temperature and the material is very tacky A different sample preparation method
was used for these samples. The uncured photoresist was first dissolved in methanol
to make a dilute solution. Then a drop of the solution was casted on a water bath. A
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very thin layer of the solution was formed on the water surface. Then copper grids
with a carbon membrane were used to pick up a thin layer of the sample. The
samples on the copper grids were dried at ambient temperature before they were used
for TEM study. It is important to note that this sample preparation procedure is
similar to the real manufacturing process of the photoresist film. Therefore, the
morphology of the sample prepared this way should be the same as that of the original
photoresist film.
4.2.2 Instruments
A JEM
- 100CX Electron Microscope was used to study the morphology of the
acrylate photoresist. Bright field imaging was used for all the micrographs. The
electron voltage used was 100 KV. The magnifications of the micrographs ranged
from 5,000 to 20,000. In addition, selected area electron diffraction (SAD) was also
used to study the structures of each phase in the photoresist. The camera length used
for SAD was 46 cm.
A Siemens X-ray Diffractometer (Model FK 60-04) was used for the wide angle
X-ray diffraction experiments. The X-ray was generated by a copper target and its
wavelength was 1.54 A.
4.3 Results and Discussion
4.3.1 Multiphase Morphology of the Photoresist
A transmission electron micrograph of the photoresist before processing is shown
in Figure 4 1. The sample was first dissolved in methanol and casted on a water bath
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to form a thin layer. Then the sample was picked up on copper grids and dried at
ambient temperature without exposure to light. Three distinct phases can be observed
in the micrograph: the sharp edged flakes, the spherical inclusions and the matrix. A
micrograph of the photoresist without filler is also shown in Figure 4.2 for
comparison. Neither the flake phase nor the spherical inclusion phase can be seen in
this micrograph. Comparing Figure 4.2 to 4. 1, the flake phase was assigned to be the
inorganic filler. Further study by selected area electron diffraction (SAD) revealed
the crystalline structure of this phase, and this was strong evidence of the inorganic
crystalline filler. As described in Chapter 1, the photoresist contains two major
organic components, the multi-functional monomer and the linear polymer binder.
Figure 4.
1
clearly indicates that the photoresist is phase-separated. Usually the major
component forms the continuous phase for multi-component polymer systems. Since
the weight ratio between the monomer and the polymer binder is about 40 to 60, the
spherical inclusion phase was assigned to be monomer-rich. Correspondingly, the
matrix was assigned to be polymer-rich Another sample with monomer-polymer
weight ratio of 60 to 40 was also prepared. After the photoresist was dissolved in
methanol and formed a dilute solution, additional monomer was added. The
micrograph of the sample with higher monomer composition is shown in Figure 4.3.
As the monomer composition increased, more spherical inclusions were observed in
the micrograph. Comparing Figure 4 3 to 4. 1, it is conformed that the inclusion phase
is monomer-rich.
It is interesting that the distinct phases can not be seen in the micrograph of the
photoresist sample without inorganic filler. Since this sample in Figure 4.2 contains
the same organic components but only no inorganic filler, distinct organic phases are
also expected to be formed in this sample. The reason that distinct phases was not
observed for this sample is likely due to the similar refractive indices of the two
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components. Even through phase separation occurred in this sample, the two phases
may not be observed by TEM due to the similar refractive indices of the two phases.
However, if inorganic filler is added into the photoresist, very fine filler powder may
exist in the monomer-rich phase. The inorganic filler particles in the monomer-rich
phase increased the contrast of the sample. As a result, the spherical inclusion phase
became observable in the transmission electron micrograph. Further study by selected
area electron diffraction (SAD) confirmed the existence of the crystalline inorganic
filler particles in the monomer-rich phase. Detailed discussion can be found in the
following section.
4.3.2 X-ray Diffraction
Wide angle X-ray diffraction (WAX) was also used to study the structure of the
photoresist. A high degree of crystallinity is not expected for this crosslinked
network system except for the inorganic filler. Generally, only diffuse diffraction
ring(s) can be observed in X-ray diffraction patterns for amorphous polymers. The
diffuse diffraction ring(s) indicates ordered spacing in the amorphous polymer
material and sometime provides hints about the material structure. Figure 4.4 shows
the X-ray diffraction pattern of the photoresist prior to processing. The pattern
shows a few discrete sharp rings on a very diffused scattering background. A
photoresist sample without filler was also studied to eliminate the inorganic filler
diffraction. Comparing to the sample without filler in Figure 4.5, the discrete rings in
Figure 4.4 can be assigned to the crystalline inorganic filler. The very diffuse
scattering background in the patterns indicated the irregular spacing of the material
before processing. After the photoresist was cured, the structure of the photoresist
became more ordered As shown in Figure 4.6, three diffuse rings can be identified
for the sample cured by thermal baking at 1 50 °C for one hour. Similar patterns were
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also obtained for the samples cure by 4 J/cm^ IJV radiation (Figure 4.7) The
significant difference between these two diffraction patterns is the distribution of the
density of diffraction. For the sample with therma. cure, the most intensive ring is
the center one. The center ring was estimated to represent a spacing of 16 A.
However, the sample with only a UV cure barely showed this diffraction ring (Figure
4 7). The other two difn.se rings were estimated to represent 8 A and 5 A in spacing,
respectively. After the sample was cured by both curing methods, the three rings
became equally intensive regardless the curing sequence (Figure 4.8). As discussed
earlier, the discrete diffraction rings indicate the crystalline structure of the inorganic
filler in the photoresist Therefore, the difn.se rings in the X-ray diffraction patterns
confirm the amorphous structure of the organic components of the photoresist both
prior to and after cure In addition, the X-ray diffraction patterns imply that the
thermal curing and UV curing processes may generate different structures in the
material. The X-ray diffraction results can be considered as supportive evidence for
the study of curing mechanisms. It is consistent with the conclusions obtained from
FTIR in Chapter 6.
4.3.3 Selected Area Electron Diffraction (SAD)
Selected area electron diffraction (SAD) was used to study the structure of each
distinct phase of the photoresist. The advantage of SAD is its capability to detect the
local intermolecular structure of specified region at sub-micron dimensions. The
incident electron beam can be focused on each phase of the photoresist. From the
diffraction pattern, the structure of each phase, either amorphous or crystalline, can
be determined [Thomas, 1979]. Figure 4.9 shows the SAD pattern taken from the
matrix phase. The pattern shows only a diffused ring. This is a typical response of an
amorphous polymer. Figure 4. 10 shows the SAD pattern taken from the flake filler
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phase. The pattern shows distinct diffraction spots on a diffused ring background.
The distinct diffraction spots indicate clearly the crystailine structure of the inorganic
filler and the diffuse background is due to the amorphous matrix. Figure 4. . 1 shows
the SAD pattern of the monomer-rich inclusion phase of the acrylate photoresist. On
the background of a diffuse ring, sharp diffraction rings can be observed. These sharp
diffraction rings can not come from organic components, since the sample without
inorganic filler did not show similar diffraction. The rings must be due to the
existence of the inorganic fdler component. The diffraction rings in the monomer-rich
inclusions reflect the randomly oriented crystalline grains, which correspond to the
inorganic filler. The SAD pattern is strong evidence of the existence of the inorganic
filler particles in the monomer-rich inclusion phase. The formation of the inorganic
filler polycrystals in the monomer-rich inclusion phase will be discussed in detail in the
next section
4.3 .4 The Effects of Curing Process
To study the effects of the curing process on the morphology of the acrylate
photoresist, a series of samples with various curing conditions were studied with
transmission electron microscopy. As shown in Figure 4.1, there are three distinct
phases in the photoresist prior to the curing process. The filler size ranges from 0.
1
to 2 nm and the inclusion size ranges from 0.5 to 1.5 urn Figure 4.12 shows a
micrograph of the photoresist cured with thermal baking at 150 °C for an hour.
Figure 4. 13 shows the sample cured at a higher temperature of 175 °C. It can be seen
from both the micrographs that the three distinct phases still exist after the thermal
curing process. It suggests that no change in the macro-phase level occurred during
the thermal curing process. The three phases still exist and there was no evidence that
W)2
showed any change of shape, size and orientation of the mclusion and flier phases
during the thermal curing process.
Similar conclusion can be made for the photoresist sample with UV radiation cure.
The micrographs of the photoresist cured with 4 J/cm' and 6 J/cm' are shown in
Figure 4. 14 and 4. 1 5, respectively. No obvious macro-phase change can be observed
from the micrographs.
For the photoresist sample cured by thermal baking first followed by UV radiation,
there is no obvious macro-phase change either. Transmission electron micrograph of
the sample is shown in Figure 4.16. It can be seen that the monomer-rich inclusions
were more concentrated in the area with fewer filler flakes.
However, significant morphological change can be observed for the photoresist
cured by UV radiation first followed by thermal baking A micrograph of this sample
is shown in Figure 4. 17. Very distinct light spots can be seen in the spherical
inclusions. Figure 4.18 is a magnified micrograph of a spherical inclusion. It can be
seen that the dimension of the spots is in the order of 100 A. The existence of the
distinct spots is clear evidence of phase separation. It suggests that phase separation
occurred within the monomer-rich inclusion phase after the photoresist was cured by
4 J/cm2 UV radiation followed by thermal baking at 150 °C for one hour.
As discussed earlier, the inclusion phase is monomer-rich and contains inorganic
filler powder. Due to the lower refractive index of organic materials, the spots can be
determined as an organic material. In addition, since the inclusion phase is monomer-
rich and the mobility of polymer binder molecules is significantly lower than that of
monomers, the formation of those organic spots is likely due to monomer aggregation
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dunng the curing process. During the crossiinking reaction, the multi-componen,
system may move from its one-phase region to its two-phase region. Phase
separation occurs provided the mobility of the molecules is sufficiently high and time
is sufficiently long to reach thermodynamic equilibrium. I, is worth noting that such a
Phase separation within the inclusion phase was only observed in the sample cured by
4 J/cm* UV radiation followed by thermal baking at 1 50 »C for one hour. It was not
observed in the samples cured by other curing processes. The SAD pattern in Figure
4. 19 was taken from the inclusion phase of the sample cured by 4 J/cm* UV radiation
followed by thermal baking a. 1 50 X for one hour. Comparing to the SAD pattern in
Figure 4 11, the distinct diffraction rings and spots in Figure 4.19 indicates larger filler
polycrystals. It suggests that the filler crystals grow simultaneously during the phase
separation process.
It has been determined that the time scale for UV radiation cure of 4 J/cm2 is only
about 20 seconds. Such a short time period may not be long enough for the reactant
monomers to migrate and form observable separated phases. In addition, the
photoresist was in semi-solid state when it was exposed to UV radiation. The
mobility of the molecules may not be high enough to form separated phases with
reasonable sizes during the 20 second UV cure period. Therefore, phase separation
was not observed in the sample with only UV radiation cure. During the thermal
curing process at 150 °C, the mobility of the molecules is high. However, the thermal
curing process does not initiate the monomer crossiinking reaction as will be
discussed in Chapter 6. In addition, the thermal curing process crosslinks the polymer
binders and the formed polymer binder network reduces the mobility of the monomer.
Therefore, monomer aggregation can not occur during thermal curing process and
there was no phase separation observed. For similar reasons, phase separation did not
occur for the samples cured by thermal cure first followed by UV radiation. In all the
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above cases, although local composition fluctuations exist, and monomer aggregation
may occur to some extent, there are no appropriate conditions for monomer
aggregation to form a distinct phase.
The distinct phase separation within the inclusion phase was only observed in the
Photoresist cured by UV radiation first followed by thermal baking. Kloosterboer and
his coworkers [1984a and 1984b] proved that subsequent heating in the dark of
partially photo-polymerized samples could convert them to a considerably higher
degree of crosslinking. They concluded that this was an indication of trapped radicals
and radical mobilization at elevated temperatures As discussed earlier, the time of 4
J/cm> UV radiation cure is only about 20 seconds. Even though the polymerization
shifted the multi-component system into its two-phase region, such a short time
period may not provide sufficient time for the material to undergo phase separation
[Purvis, 1980] When the UV radiation was completed and the temperature cooled
below the Tg of the cured material, the crosslinking reaction and possible phase
separation process were stopped [Gillham, 1986], At this curing stage, a great
number of radicals may be trapped in the photoresist sample. In addition, since the
inclusion phase is monomer-rich, a certain amount of monomer molecules remain
unreacted as will be discussed in Chapter 6 Existing radicals that are trapped in the
material can only continue to convert double bonds of the monomers when the
mobility is increased by increasing the temperature. Therefore, the subsequent
thermal curing process at 1 50 °C for one hour re-initiated the radical crosslinking
reaction. At the elevated temperature, the high mobility of the molecules in the
inclusion phase allowed the unreacted monomer molecules to continue to react with
the trapped radicals. The long curing period and high curing temperature provided
sufficient time and mobility for the monomer molecules to aggregate and form distinct
spots with the diameter of 100 A. Such a phase separation phenomenon was not
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observed in the matrix phase There may be monomer aggregation in the matrix
Phase to some extent during the curing process and composition fluctuations are
expected in the matrix phase However, due to the small amount of monomer content
m the matrix, the monomer aggregation may not be able to accumulate into
observable distinct phases.
4.4 Summary
The acrylate photoresist is a multi-phase polymer system. Three distinct phases
were observed by transmission electron microscopy. The matrix phase of the
photoresist is polymer-rich. Selected area diffraction (SAD) confirmed its amorphous
structure. The flake filler phase contains the most inorganic filler content and SAD
confirmed its crystalline structure. The distribution of the filler size is broad. The
filler size can be as small as 0 1 urn and can be as large as 2 urn. The spherical
monomer-rich inclusion phase also contains inorganic filler. Due to the higher
refractive index of the filler particle, the inclusion phase looks darker in the
micrograph. After the phase separation process in the inclusion phase, the filler
component in the inclusion phase formed polycrystals. SAD within the inclusion
phase also showed sharp diffraction rings that confirm the existence of randomly
oriented filler polycrystals. The monomer-rich inclusions are more concentrated in
the area containing less filler content. The size of the inclusions ranges from 0.5 to
1.5 \im. There was no evidence that indicates the macro-phase changes during any
curing conditions. Neither the inclusion size, shape and orientation nor the size
distribution changed. However, micro-phase separation was observed within the
inclusion phase of the sample cured by UV radiation first followed by thermal baking.
The subsequent thermal treatment is assumed to have re-initiated the radical
crosslinking reaction, and the elevated temperature and long curing period allowed
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the monomer molecules to aggregate and form distinct phases with dimension of 1
A.
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Figure 4.1 Transmission electron micrograph of the acrylate photoresist prior
to processing. The ratio of monomer to polymer is about 40
: 60 Three
distinct phases can be observed in the micrograph. The white scale bar in the
micrograph is equal to 1 um
ION
Figure 4.2 Transmission electron micrograph of the acrylate photoresist
without the filler component. The white scale bar in the micrograph is equal
to 1 (im.
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Figure 4.3 Transmission electron micrograph of the acrylate photoresist prior
to processing. The ratio of monomer to polymer is about 60 : 40. More
droplets can be seen in the micrograph. The white scale bar in the micrograph
is equal to 1 urn.
1 10
Figure 4.4 X-ray diffraction pattern of the acrylate photoresist prior to
processing. The sharp discrete rings in the pattern correspond to the
diffraction of the crystalline filler component.
Ill
Figure 4.5 X-ray diffraction pattern of the acrylate photoresist without the
filler component. No discrete diffraction rings are observed indicating the
amorphous structure of the sample.
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Figure 4.6 X-ray diffraction pattern of the acrylate photoresist without the
filler component. The sample was cured by thermal baking at 1 50 °C for one
hour.
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Figure 4.7 X-ray diffraction pattern of the acrylate photoresist without the
filler component. The sample was cured by 4 J/cm 2 UV radiation
I 14
Figure 4.8 X-ray diffraction pattern of the acrylate photoresist without the
filler component. The sample was cured by both 4 J/cm 2 UV radiation and
thermal baking at 150 °C for one hour.
(a)
(b)
Figure 4.9 (a) Selected area electron diffraction (SAD) pattern of the matrix
phase of the acrylate photoresist. The diffuse ring in the pattern indicates the
amorphous structure of the matrix, (b) The white square in the transmission
electron micrograph indicates the area where the SAD pattern was taken
from.
l K>
(a)
(b)
Figure 4. 10 (a) Selected area electron diffraction (SAD) pattern of the filler
phase of the acrylate photoresist. The diffraction spots in the pattern indicates
the crystalline structure of the filler, (b) The white square in the transmission
electron micrograph indicates the area where the SAD pattern was taken
from
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(a)
(b)
Figure 4. 1 1 (a) Selected area electron diffraction (SAD) pattern of the
inclusion phase of the acrylate photoresist. The diffraction rings and spots in
the pattern indicates that filler powder is dissolved in the inclusion domain,
(b) The white square in the transmission electron micrograph indicates the
area where the SAD pattern was taken from
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Figure 4. 12 Transmission electron micrograph of a photoresist sample cured
by thermal baking at 1 50 °C for one hour. The white scale bar in the
micrograph is equal to 1 urn
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Figure 4. 13 Transmission electron micrograph of a photoresist sample cured
by thermal baking at 1 75 °C for one hour. The white scale bar in the
micrograph is equal to 1 fjm
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SFigure 4. 14 Transmission electron micrograph of a photoresist sample cured
by 4 J/cm 2 UV radiation. The white scale bar in the micrograph is equal to 1
(im.
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Figure 4.15 Transmission electron micrograph of a photoresist sample cured
by 6 J/cm 2 UV radiation. The white scale bar in the micrograph is equal to 1
urn.
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Figure 4.16 Transmission electron micrograph of a photoresist sample cured
by both thermal baking and UV radiation. The sample was cured first by
thermal baking at 1 50 °C for one hour and followed by 4 J/cm 2 UV radiation.
The white scale bar in the micrograph is equal to 1 urn.
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Figure 4. 1 7 Transmission electron micrograph of a photoresist sample cured
by both thermal baking and UV radiation. The sample was cured first by 4
J/cm 2 UV radiation and followed by thermal baking at 1 50 °C for one hour.
The white scale bar in the micrograph is equal to 1 urn.
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Figure 4. 1 8 Transmission electron micrograph of the acrylate photoresist
cured by 4 J/cm 2 UV radiation first followed by 150 °C - one hour thermal
baking. Distinct spherical domains in the dimension of 100 A can be observed
in the inclusion phase. The white scale bar in the micrograph is equal to 1 urn.
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Figure 4. 19 Selected area electron diffraction (SAD) pattern of the inclusion
phase of the acrylate photoresist. The sample was cured first by 4 J/cm 2 UV
radiation and followed by thermal baking at 1 50 °C for one hour
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CHAPTER 5
THERMAL ANALYSIS
5.1 Introduction
Thermal analysis of the acrylate photoresist will be discussed in this chapter.
Various thermal analysis instruments including Differential Scanning Calorimeter
(DSC), Thermogravimetric Analyzer (TGA), Dynamic Mechanical Analyzer (DMA)
and Thermomechanical Analyzer (TMA) were used for this study. The thermal
analysis focuses on the thermal transitions of the photoresist. Since the organic
components of the photoresist are not crystalline as confirmed by X-ray diffraction,
the thermal characterization focuses especially on its glass transition. Glass transition
is a very important characteristic of polymer materials. It is well known that the
physical properties and mechanical properties of a polymer material undergo a
dramatic change during its glass transition The modulus of the polymer drops
sharply when the material is heated above its glass transition temperature (Tg). The
polymer typically changes from a stiff, glassy material to a soft, rubbery material.
Other properties such as thermal expansion coefficient, dielectric constant and heat
capacity also change during the glass transition [Skrovanek and Schoff, 1988]
Therefore, characterization of the glass transition temperature and understanding how
it changes with curing history are very important to predict the performance of the
acrylate photoresist.
It has been found that the glass transition temperature of the photoresist depends
on its curing history. UV radiation curing dosage, thermal curing temperature and
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curing sequence all affect the glass transition temperature of the cured photoresist.
The Tg of the photoresist can be used as an indication of the extent of cure to
evaluate the curing process. The different Tgs of the photoresist cured by various
curing conditions reflect the different crosslink density, the amount of residual low
molecular weight component, and different network structures. Therefore, the glass
transition behavior can also provide valuable information about the complicated
network structure of the cured photoresist.
5.2 Experiments
The DSC study of the photoresist was performed with a DuPont Differential
Scanning Calorimeter, model DSC 2910. The heating rate for the DSC experiments
was 15 °C/minute. The TGA experiments of the photoresist were conducted with a
DuPont Thermogravimetric Analyzer, model TGA 2950 The typical heating rate for
the TGA experiments was 5 °C/minute The photoresist samples cured by various
curing conditions were released from the substrate by mercury amalgamation for the
DSC and TGA experiments. The TMA experiments were performed on a DuPont
Thermomechanical Analyzer, model TMA 2940. After release from the substrate, the
photoresist samples were cut into strips 1 inch long and 1/8 inch wide. The heating
rates were 3 °C/minute
The dielectric relaxation experiments were performed on a GenRed (RLC)
Digibridge (Model 1689 M) and a Polymer Laboratory Dielectric Thermal Analyzer.
The photoresist samples were released from the substrate, and sputter coated with
800 A thick layers of gold (Au) on both sides. The voltage of the dielectric relaxation
experiments was 1 15 V (AC). The heating rate was 3 °C/minute and the electric
frequency was 100 Hz. A Polymer Laboratory Dynamic Mechanical Thermal
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Analyzer was used for the dynamic mechanical experiments. The driving frequency
was 1 Hz and the heating rate was 3 °C/minute.
5.3 Results and Discussion
5.3.1 Differential Scanning Calorimetry Study
The DSC spectra of the photoresist with increasing UV curing dosage are shown
in Figure 5.1. Prior to any process, the photoresist can be considered as a polymer-
plasticizer system. One glass transition was found at -36 °C that corresponds to the
Tg of the linear polymer binder component Since the linear polymer is a minor
component in the monomer-rich inclusion phase and the photoresist consists of only a
small volume percentage of the inclusions, the glass transition of the polymer
component in the inclusion phase may not be observed in the DSC spectra.
Therefore, this glass transition observed was assigned to the linear polymer
component in the matrix phase Since a large amount of low molecular weight
components exists in the material such as multi-functional monomer, initiator and
crosslinker, the Tg of the aery late photoresist prior to process is very low due to
plasticizer effects.
The glass transition temperature of the photoresist increased consistently with
increasing UV radiation dosage The increasing Tg was due to the increasing
crosslink density in the material and can be considered as a clear indication of
increasing extent of cure. With only 0.25 J/cm 2 UV radiation during the lithography
procedure, the Tg increased dramatically from -36 °C to -1 1 °C. The first 2 J/cm2
UV radiation seemed most efficient for curing the photoresist. Tg increased almost
40 °C after the first 2 J/cm 2 UV radiation. Additional UV dosage did not increase Tg
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notably. This fact suggests that most crosslinking reactions were complete during the
first 2 J/cm2 UV radiation. This is consistent with the results of mechanical properties
of the photoresist discussed in Chapter 3. The modulus and ultimate strength of the
photoresist leveled off after 2 J/cm 2 UV cure. (Refer to Figure 3.3) The conclusion is
also consistent to the FTIR spectra that will be discussed in Chapter 6. The carbon-
carbon double bonds of the monomer component were mostly consumed during the
first 2 J/cm2 UV radiation. (Refer to Figure 6.2)
The DSC spectra of the photoresist thermally cured without UV exposure are
shown in Figure 5.2. The glass transition temperature remains very low The fact
that a large amount of low molecular weight components remains in the material as a
plasticizer explains the low glass transition temperature. As also can be seen in the
Figure, the glass transition is broad and the baseline is continuously decreasing. This
is a result of local composition inhomogeneity as well as the variation of crosslink
density in the material. Each local composition and its crosslink density generate its
own glass transition Due to the broad distribution of the local composition and
crosslinking density, the overlap of these individual transitions results in a broad glass
transition of the material This observation is a distinct characteristic of the
photoresist and will be further discussed later in this chapter.
With the lithography procedure prior to thermal cure, the glass transition
temperatures of the photoresist became significantly higher. The DSC spectra of the
samples are shown in Figure 5.3. Comparing to the samples without lithography, Tg
increased almost 40 °C for the same thermal curing conditions although the samples
were exposed to only 0.25 J/cm 2 UV radiation This fact suggested that the
crosslinking network formed by the multi-functional monomer affected the mobility of
the polymer binder chain significantly. Instead of being plasticizers to lower the Tg,
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the multi-functional monomers formed a network structure and increased the Tg of
the material. Another reason that the small dosage ofUV is surprisingly significant is
that the network formed by the multi-functional monomers is very tight. The tight
network structure of the multi-functional monomer can be verified by the low
molecular weight of the monomer component. In addition, the dramatically increased
Tg also suggests that the subsequent elevated temperature might re-initiate the radical
reaction and increased the crosslink density of the monomer network. All the effects
discussed above contribute to the dramatic increase of the glass transition temperature
due to the only 0 25 J/cm 2 UV radiation lithography.
As shown in Figure 5.4, the photoresist samples cured by both thermal and UV
curing processes showed higher glass transition temperatures than the samples cured
by only one curing method. It indicates that higher extent of cure was achieved in the
samples with dual curing processes. This result is also consistent with the results of
mechanical property measurements. As discussed in Chapter 3, the samples with dual
curing processes showed higher moduli and ultimate strengths The higher Tg and
mechanical performance of the samples with dual curing processes suggest higher
crosslink density than the samples with only a singular cure. This conclusion can also
be verified by the FTIR spectra that will be discussed in Chapter 6 The FTIR study
confirmed that the two curing processes formed different network structures. The
samples with dual curing processes formed two independent networks, and therefore
the crosslink density of the material became much higher.
Figure 5.5 and 5.6 are the DSC spectra of the photoresist samples with various
dual curing processes. Tg did not increase significantly when the UV radiation
dosage increased from 2 J/cm 2 to 4 J/cm 2 in all the cases. This observation is
consistent with all the results discussed previously and further confirmed that most
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crosslinking reactions were complete during the first 2 J/cm* UV radiation. However,
Tg can be increased up to 10 °C by increasing thermal curing temperature from 150
°C to 175 °C. Based on TGA results in Figure 5.14 and 5.15, more low molecular
weight component was evaporated during thermal cure at 175 °C than that at 150 °C.
Less plasticizer content in the material accounts for the increased Tg. In addition, the
evaporation of low molecular weight molecules increases the availability of the
functional groups of the components. The functional groups that were not available
for crosslinking reactions due to the hindrance of neighbor molecules become
available for crosslinking reactions The higher curing temperature also increased the
mobility of the molecules These two effects increase the crosslink density of the
material Therefore, less low molecular weight component and the higher crosslink
density result in a higher glass transition temperature of the sample It is also worth
noting that the glass transition temperatures did not change regardless the curing
sequences based on the DSC results.
As discussed in Chapter 4, the morphological study revealed that the photoresist is
a multi-phase system. There are two distinct organic phases of different compositions
in the material. Most phase separate polymer systems show two glass transition
temperatures corresponding to the two separate phases in the material. As discussed
above, only one glass transition has been observed that is corresponding to the
polymer component in the matrix phase It is also interesting to know if the
photoresist has only one single glass transition or two separate glass transitions due to
its phase separate morphology.
As shown in Figure 3 .3, an exothermic peak was observed in DSC spectrum of the
photoresist prior to process. The exothermic peak was assigned to the condensation
crosslinking reaction. After the photoresist was thermally cured, this exothermic peak
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on DSC spectra should disappear. As shown in Figure 5.7, it is interesting that there
is a step-like baseline drop observed in DSC spectra in that temperature range instead
of a straight baseline. The sample in Figure 5.7 was thermally cured at 150 X for on,
hour followed by 4 J/cm 2 UV radiation. The spectrum showed that the step-like
baseline drop started when the temperature exceeded 150 °C. It is also interesting
that this step-like baseline drop on DSC spectrum was not repeatable as shown in the
figure. After the sample was cooled and heated again, the step-like baseline drop
disappeared on the second heating. It is possible that the glass transition was shifted
to higher temperature due to the first heating. However, other possibilities also exist.
Therefore, other techniques were used to identify the nature of this step-like baseline
drop phenomenon
5.3.2 Dielectric Relaxation and Dynamic Mechanical Experiments
Dielectric relaxation (DR) experiments were performed to study the thermal
transition behavior of the photoresist. Similar to mechanical relaxation, the dielectric
loss e" and the loss tangent tan 5 reach their maximums when the material is
undergoing a thermal transition. Figure 5 8 shows the tan 5 curve of the photoresist
sample cured by thermal baking at 1 50 °C for one hour followed by 4 J/cm2 UV
radiation. Figure 5.9 shows the tan 5 curve of the sample cured by UV radiation first
followed by thermal baking. If there are two Tgs corresponding to the two phases of
the material, two separate maximums of tan 5 should appear. However, only one
maximum of tan 5 was observed in both figures. The maximums of tan 5 appeared at
about 85 °C in both cases. The singular maximum of tan 5 suggests that there is only
one glass transition in the material. In addition, the glass transition temperature
measured by DR was about 50 °C higher than that by DSC. In DSC study, the half
height of the step transition was used as the glass transition temperature. If the
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maximum oftan 5 is used as the Tg of the materia! in DR experiments, the Tg is
expected to be different from that obtained from DSC. Since different techniques
were used and different choices of glass transition temperature were taken, the glass
transition temperatures were different. There is a small maximum a, about 170 °C in
the dielectric relaxation spectra. It indicates that the mobility of the molecules in the
sample increased in this temperature range. However, in order to confirm the nature
of this maximum, dynamic mechanical experiments will be performed and that will be
discussed later.
Another important feature of the tan 6 curves obtained from the dielectric
relaxation experiments is the broadness of the peak. The observed tan 5 peak is
extraordinarily broad ranging from 50 to 150 °C. This unusual broadness of glass
transition can be considered as a result of the inhomogeneity in local composition and
the heterogeneous network structure of the cured photoresist. For multi-component
polymer systems, local composition fluctuations exist The original Rouse-Bueche
theory requires approximately 50 mers to undergo coordinated motion for glass
transition phenomenon to occur This corresponds to a volume of about 10,000 A3 .
However, the random concentration fluctuations for even ideally miscible dual
crosslinked polymer networks are on the order of 100,000 A3 or more [Sperling,
1981], Therefore, different regions of the sample have different compositions and
each of them yields its own glass transition temperature [Sperling, 1970]. Those
independent contributions of local compositions to the relaxation spectrum yield a
broad glass transition. The local composition diversity is even more significant for
multi-phase polymer systems. Significant composition variation is expected
particularly at the boundary of the two phases, or in the interphase region [Lipatov,
1977]. Therefore, the broad distribution of local composition of the acrylate
photoresist results in a broad glass transition temperature It will be discussed in
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Chapter 6 that UV radiation and thermal baking principally generate two different
crosslinks reactions through the two different components in the photoresist. After
the photoresist is folly cured, two independent and different networks are formed.
Due to the diversity of the composition, the crosslink density of each network is also
expected to be diverse. Corresponding to the complicated, heterogeneous network
structure of the material, the glass transition of the photoresist is expected to be very
broad. In addition, there is a gradient of crosslinking density through the thickness of
the photoresist film. This will be discussed in Chapter 6. Therefore, due to the wide
diversity of local composition, and the heterogeneous network structure of the
photoresist, the glass transition of the photoresist is very broad, especially when the
material is cured.
Dynamic mechanical experiments were also performed to identify the thermal
transition behaviors of the photoresist. When a polymer material undergoes its glass
transition, the modulus of the material changes dramatically. The storage modulus E'
drops sharply and the loss modulus E" reaches a maximum during the glass transition.
Therefore, from the mechanical property changes, the glass transition temperature of
the material can be identified The photoresist samples cured by various curing
conditions were studied by DMA. The DMA spectra of photoresist samples cured by
dual curing processes are shown in Figure 5.10 and 5.11. Figure 5. 10 shows the
storage and loss modulus of the sample cured with thermal baking at 150 °C for one
hour followed by 4 J/cm 2 UV radiation. Similar to the spectra of the dielectric
relaxation experiments, only one maximum of loss modulus E" can be seen in the
DMA spectrum. The peak of E" is also very broad, similar to that in the dielectric
relaxation spectra. The broadness of the loss modulus peak in DMA spectra also
reflects the broad diversity of local composition and the heterogeneous network
structure of the acrylate photoresist Similar observations of broad glass transitions
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have been found in other interpenetrating network materials [Yeo, 1980; Sperling,
1981; Fitzgerald and Landry, 1990], It is a significant feature of interpenetrating
network materials for their excellent energy damping capability and impact resistance.
The broad glass transition implies that there is a broad temperature range, or a broad
frequency range in which the material can be used. Another feature of the photoresist
is its high storage modulus, E\ after the glass transition. The storage moduli of most
polymers drop about three orders of magnitude during glass transition. Typically, a
glassy polymer has a storage modulus on the order of 1 GPa (10^ pa). The storage
modulus decreases dramatically to the order of 1 MPa (10* Pa) when the material is
above its glass transition temperature and in its rubbery state. As can be seen in the
figure, however, the storage modulus of the photoresist drops only one order of
magnitude after the broad glass transition. Its storage modulus remains on the order
of 100 MPa after the glass transition, that is much higher than that of ordinary
polymer materials Due to low molecular weight of the multi-functional monomer,
the network in the photoresist formed by the monomer component is a very tight one.
It is believed that the high storage modulus of the photoresist above the glass
transition is due to its very tight network structure and high crosslink density.
The behavior is slightly different for the sample cured by 4 J/cm2 UV radiation
followed by thermal baking at 1 50 °C for one hour As shown in Figure 5.11, another
maximum in loss modulus E" was observed as a shoulder of the main peak. The two
maximums in E" can be interpreted as two glass transitions corresponding to the two
phases in the material. Since the two glass transitions corresponding to the two
phases both occurred over a very broad temperature range, they overlapped and could
not be separated. As discussed in Chapter 4, the sample cured by UV radiation first
followed by thermal baking underwent micro-phase separation in the inclusion phase.
The micro-phase separation may have enhanced the difference in composition
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between the matrix phase and the inclusion phase. Therefore, the maximums in E"
corresponding to the inclusion phase can be distinguished from the main peak as a
shoulder maximum in this case
Even though two glass transitions corresponding to the two phases can be
identified by DMA experiment in this case, the higher Tg did not match the
temperature of the step-like baseline drop observed in DSC spectra. The baseline
drop observed by DSC started at about 150 °C. However, the temperature of the loss
modulus E" shoulder maximum obtained from DMA was much lower. In addition, it
is well known that the storage modulus of a polymer material should decrease if the
temperature exceeds its Tg. Instead of decrease, however, the storage modulus
increased in the DMA spectra when temperature exceeded 150 °C as shown in Figure
5.11. The increased storage modulus at this temperature range eliminates the
possibility of glass transition The step-like baseline drop observed in DSC spectra is
strong evidence for either evaporation of low molecular weight molecules or
continued chemical reactions, or both [Skrovanek, 1990; Skrovanek and Schoff,
1988]. The nature of the baseline drop in DSC spectra still needs further
investigation. It was found that the increase of storage modulus was due to both
evaporation of a low molecular weight component and residual crosslinking reactions.
Detailed discussion can be found in the next section.
5.3.3 Thermal Gravimetric Analysis
Thermal gravimetric analysis was also performed on the photoresist. The TGA
spectrum of a photoresist sample after the lithography procedure, but before curing, is
shown in Figure 5.12. A weight loss about 1 1% was observed for the sample when
temperature exceeds 1 50 °C This weight loss between 1 50 °C and 250 °C indicates
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that one low molecular weight component was evaporated from the photoresist
material, although the component can not be identified by TGA itself. The weight
loss between 150 °C and 250 °C became less after the sample was thermally cured.
As shown in Figure 5. 13, the photoresist cured at 1 50 °C for one hour showed a
dramatic decrease in this weight loss. This fact suggests that this component was
partially evaporated during the thermal curing process. Figure 5 14 shows a
photoresist sample heated in the thermogravimetric analyzer at 1 50 °C for one hour to
simulate the thermal curing process. About 7% weight loss was observed during the
one hour heating period. Figure 5 15 shows a similar experiment performed at 175
°C. More than 8% weight loss was observed for this sample. The results indicated
that more molecules will be evaporated if the sample is cured at higher temperature.
Figure 5 . 16 is a TGA spectrum of the photoresist thermally cured at 200 °C for one
hour. It showed that no weight loss was observed until temperature reached 200 °C.
However, weight loss continued when temperature exceeded 200 °C. It suggests that
this low molecular weight component exists in different environments and different
evaporation energy is required to evaporate the molecules. This is consistent with the
inhomogeneous local composition and heterogeneous network structure of the
photoresist. Therefore, the low molecular weight component will keep being
evaporated with increasing temperature from 150 °C to 250 °C.
More of this component remained in the sample with only UV curing process as
shown in Figure 5 .17. By comparing the spectra of different curing sequences in
Figure 5. 18 and 5. 19, it can be concluded that the sample cured with UV radiation
first remains more of this low molecular weight component in the material. This
indicates that the UV radiation formed network traps more low molecular weight
components, so the following thermal cure evaporated less this component.
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The evaporation of low molecular weight component observed in the TGA spectra
is an endothermic process. It occurs in the same temperature region as that of the
step-like baseline drop observed in the DSC experiments. It is believed that the step-
like baseline drop observed in DSC spectra is related to the evaporation of the low
molecular weight component. The evaporation of the low molecular weight
component is an endothermic process and causes the baseline to drop in the DSC
spectra. However, during the process of the low molecular weight component
evaporation, more functional groups that were hindered by neighbor molecules
became available for reaction. The continuing crosslinking reactions can be verified
by the increasing storage moduli of the samples. As the low molecular weight
molecules are being evaporated, the temperature of the DSC sample was also
increasing. The increased temperature also increased the mobility of the molecules.
This also suggests that additional crosslinking became possible. Therefore, after the
endothermic evaporation process starts, the exothermic chemical reactions are also
continued. The exothermic chemical reactions partially balance the heat required for
the endothermic evaporation In addition, from the possible mechanism discussed
above, the number of available functional groups is related to the number of
evaporated low molecular weight molecules. In other words, the more molecules that
were evaporated, the more functional groups became available for further reactions.
If one considers that the thermal condensation crosslinking reaction also generates
low molecular weight by-product, it is more likely that the endothermic evaporation
process and the exothermic chemical reaction occur simultaneously. Therefore,
instead of a sharp endothermic peak, a flat baseline after an initial drop was observed
in the DSC spectra. It concludes that the step-like baseline drop phenomenon
observed about 150 °C in the DSC spectra is not a glass transition. It is related to the
evaporation process of a low molecular weight component as well as continuing
chemical reactions.
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5.3.4 Thermal Mechanical Analysis
Further evidence for the evaporation of low molecular weight components and
continuing chemical reactions can be found from thermomechanical analysis (TMA).
A strip sample was held on the thermomechanical analyzer with constant force. As
temperature increases, the dimensional change of the sample can be observed in the
TMA spectrum. An interesting behavior of the photoresist is its storage strain
phenomenon. As shown in Figure 5.20, the sample was expanding with increasing
temperature up to its glass transition temperature. Instead of continuing to expand,
the samples started to shrink at its glass transition temperature This shrinkage can be
interpreted as the release of the storage strain in the material. After the sample was
cooled and heated again, a normal glass transition behavior was observed. It is
believed that the storage strain was generated due to the confinement of the substrate
during the curing process. Detailed discussion about the storage strain phenomenon
is beyond the scope of this dissertation and can be found in a related thesis [Jennings,
1993],
As shown in Figure 5.20, the sample expanded again when the sample released its
storage strain. When the temperature exceeded the highest curing temperature that
the sample experienced during its curing process, the sample started to shrink once
again. Figure 5.21 shows the TMA spectra of the photoresist samples cured by
various curing processes. It can be seen in the figure that the storage strain release
and the high temperature shrinkage are common for all the samples. Figure 5.22
shows the photoresist sample cured at different curing temperatures. As shown in the
figure, the shrinkage started at 150 °C for the sample cured at 150 °C, and started at
175 °C for the sample cured at 175 °C This shrinkage is further evidence of the
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evaporation of the low molecular weight component and continued chemical
reactions. In addition, the shrinkage continued at almost a constant rate, that is also
an indication of the continuous, balanced evaporation-chemical reaction process. The
evaporation process can cause the sample to shrink. However, the continuing
evaporation process should give an endothermic peak in the DSC spectrum rather
than the step-like baseline drop On the other hand, if the shrinkage was merely due
to the continued crosslinking reactions, an exothermic peak should be also seen in the
DSC spectrum. Combining the information obtained from both DSC and TMA
experiments suggests that the shrinkage of the photoresist samples is due to the
balanced evaporation and chemical reaction process.
5.4 Summary
The thermal analysis of the photoresist has been discussed in this chapter. Prior to
processing, the photoresist shows one glass transition at -36 °C in its DSC spectrum.
This glass transition corresponds to the linear polymer component in the matrix phase.
When the photoresist was exposed to UV radiation, the multi-functional monomer
component was crosslinked and formed a network structure in the material. The
formed network structure reduced the mobility of the polymer molecules and the glass
transition shifted to higher temperature. In spite of the multi-phase morphology of
the photoresist, only one broad glass transition was observed in most cases. The
broadness of the transition suggests the wide distribution of local composition and the
complicated, heterogeneous network structure of the cured photoresist. For the
sample cured by UV radiation followed by thermal baking, a shoulder maximum of
loss modulus can be identified in its DMA spectrum. Since the glass transitions
corresponding to the monomer-rich and polymer-rich phases are both broad, they
overlap and form a very broad glass transition.
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The photoresist evaporates a low molecular weight component and continues the
crosslinking reactions if the temperature exceeds the highest temperature that the
material experienced during its curing process. After the photoresist evaporated a
certain amount of low molecular weight component, more functional groups that
were hindered by neighbor molecules during curing became available for further
crosslinking reactions. The endothermic evaporation process caused a baseline drop
in DSC spectra. However, the subsequent exothermic chemical reactions balanced
the heat required for evaporation The shrinkage observed in TMA spectra remains at
a constant rate, which is further evidence for the balanced endothermic evaporation
and exothermic chemical reactions. The two balanced processes resulted in a step-
like baseline drop phenomenon in the DSC spectra, which could mislead to a false
glass transition of the material.
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Figure 5. 1 1 Dynamic mechanical spectrum of the acrylate photoresist cured by
4J/cm2 UV radiation followed by thermal baking at 150 °C for one hour. A
shoulder maximum of loss modulus (E") can be observed in the spectrum.
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/CHAPTER 6
THE CURING MECHANISMS
6.1 Introduction
As described in Chapter 1, the acrylate photoresist in this dissertation is a multi-
component system. It contains two major components - the multi-functional
monomer and the linear polymer The ketone initiator is used to photo-crosslink the
multi-functional monomers The amine crosslinking agent is used to crosslink the
linear polymer binders. Therefore, the photoresist is designed to form a dual
crosslinked network structure, or an interpenetrating polymer network (IPN).
Based on the preparation method, IPNs can be classified into two categories - the
sequential IPN and the simultaneous IPN. For sequential IPNs, one monomer is
polymerized first to form a polymer network I. The other monomer as well as its
initiator or crosslinker is swollen in and then polymerized to form polymer network II.
For simultaneous IPNs, both the monomer(s) and pre-polymer(s) as well as their
initiator(s) and crosslinker(s) are pre-mixed together. The polymerization can be
either simultaneously or subsequently accomplished, usually by separate and non-
interfering methods. According to the above definitions, the acrylate photoresist in
this thesis belongs to the second category. Both the multi-functional monomer and
the linear polymer, as well as their initiator and crosslinker are mixed in the
photoresist. Radical crosslinking reaction is used to crosslink the multi-functional
165
acrylate monomer component and forms a polymer network. The radical initiation
can be accomplished by ultraviolet radiation. Although the quantum yield ofUV
radiation reaction is usually high, a minimum dosage of radiation is required to
complete the reaction. A thermal condensation reason is used to crosslink the linear
polymer and forms another polymer network The condensation reaction can be
achieved by thermal baking at elevated temperatures. A minimum temperature and
time period are required for the condensation reaction [Gillham, 1986]. Conventional
UV radiation usually generates a great deal of heat. Sometimes the surface
temperature of the photoresist can be well above 200 °C during the UV curing
process. The elevated temperature during UV cure might induce the thermal
condensation reaction to some extent On the other hand, the elevated temperature
during the thermal curing process might also initiate the radical crosslinking reaction.
This seems especially true if the photoresist has been exposed to UV radiation for
lithography. During the subsequent thermal curing process, the trapped radicals in
the photoresist might be re-initiated at elevated temperature and continue the radical
crosslinking reaction Therefore, the curing mechanisms are expected to be
complicated. In addition, it is also expected that the final structure and properties of
the photoresist depend on the curing conditions as well as the curing sequence of the
two curing methods. Fox and his coworkers [1989] studied the synthetic sequence
effects of a polyurethane (PU) and poly (butyl methacrylate) (PBMA) IPN. They
found the timing of the relatively rapid formation ofPBMA in a slow-forming PU
matrix strongly affected the structure and properties of the final IPN material. It is
expected that the effects of curing sequence also have strong influences on the
network structures of the acrylate photoresist. Different network structures are
expected to result in different properties of the final product. Therefore, the
investigation of the curing mechanisms is very important to select the optimal curing
conditions and obtain desired photoresist coating products.
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In this chapter, the curing mechanisms of the acrylate photoresist will be
investigated by Fourier transform infrared spectroscopy (FTIR). Various curing
conditions and curing sequences will be systematically studied. Since the photoresist
is a complicated multi-component system, it is difficult to complete the assignment for
all the infrared bands in the spectra. However, it is known that the radical
crosslinking reaction forms a network through the carbon-carbon double bonds of the
multi-functional monomers. It is also known that the condensation reaction forms the
polymer network through the amine crosslinking agents. Therefore, the functional
groups of the major components can be assigned properly in the IR spectra, and the
network structures formed during the crosslinking reactions can also be identified.
Based on this information, logical conclusions about the curing mechanisms can be
made. In addition, other techniques such as differential scanning calorimetry (DSC)
can provide additional information to assist the study of the curing mechanisms. The
information obtained from FTIR and DSC can also be related to the mechanical
properties of the photoresist. By doing so, better understanding of the curing
mechanisms and the structure-property relationships of the photoresist can be
achieved. Since the UV light irradiates from the top side of the photoresist, different
extents of cure are expected through the thickness of the material. Attenuated total
reflection infrared spectroscopy (ATR) will also be used to exam the difference
between the surface and the substrate interface of the photoresist. The ultimate goal
of this study is to fully understand the curing mechanisms, so that it is possible to
design an optimal curing process and obtain a photoresist coating product with the
desired properties
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6.2 Experiment
6.2.1 Sample Preparation
The photoresist prior to process is a tacky and complaint film material. The
thickness of the film is about 100 um. Unfortunately, it is too thick for the incident
IR beam to transmit through and can not be used directly as a film sample for the IR
experiments. However, the tacky and complaint photoresist film can be easily
stretched to make a thinner film. The thin film with thickness of about 5 um can then
be used as a sample for IR experiments. The sample making procedure was
performed in the dark to avoid premature crosslinking reactions.
The processed photoresist samples are no longer highly deformable due to the
network structure formed during processing. Those samples were ground into a
powder form at liquid nitrogen temperature by a mechanical grinder. Then the
powder samples were mixed with KBr powder (about 1% wt.) to make pellet samples
for IR experiments.
Both the unprocessed and processed photoresist film can be used directly for ATR
and DSC experiments. The photoresist film was laminated on substrate, processed as
desired and released from the substrate by mercury amalgamation as described in
Chapter 1.
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6.2.2 Instruments
The FTIR instrument for the experiments was an IBM IR/32 FTIR Spectrometer.
The resolution used for all the experiments was 2 cm-', and the scan number was 512.
For the ATR experiment, a Nicolet IR/44 FTIR Spectrometer with an ATR apparatus
was used. The resolution was 2 cm"! and the scan number 512. A Germanium
crystal was used for all ATR experiments.
6.3 Results and Discussion
6.3. 1 The Effects ofUV Curing Dosage
Figure 6. 1 shows the IR spectra of the photoresist prior to processing. Two
samples with and without filler content were used for comparison. From the spectra,
the bands of carbon-carbon double bond stretching at 1634 cm-', and the band of
double bond scissoring at 1407 cnr 1 can be identified. These bands were assigned to
the carbon-carbon double bond in the multi-functional monomer. The significant
difference between the two spectra is the existence of the doublet band at 469 cm- 1 .
This doublet band as well as the band at 669 cm-' was assigned to the inorganic filler.
It is reasonable to assume that the inorganic filler does not change during the
crosslinking reactions of the organic components. Therefore, the doublet band at 469
cm- 1 can be used as the standard band height for semi-quantitative analysis.
Ultraviolet radiation activates the ketone initiators and generates radicals required
for the radical crosslinking reaction. During the UV radiation curing process, the
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band of carbon-carbon double bond decreased correspondingly. As shown in Figure
6.2, most of the carbon-carbon double bonds were consumed during the first 2J/cm2
UV radiation, which was concluded from the dramatic decrease of the bands of 1634
and 1407 cm-'. After the photoresist was cured by 4J/cm2 UV radiation, most
carbon-carbon double bonds were consumed. The additional 2J/cm2 UV radiation did
not seem to be very effective. With even 6J/cm2 UV radiation, the band at 1634 cm'
still existed. This fact indicates that the carbon-carbon double bonds can not be
completely converted by merely increasing UV radiation dosage. After one or two
double bonds are reacted and connected into the network, the position of the
multifunctional monomer is fixed in the network. The rest of the double bonds may
not have nearby radicals available to react with and remain unreacted in the network
structure. In addition, since the UV light source irradiates from the top of the
photoresist, the surface of the photoresist receives the UV light directly. However, at
the back side of the photoresist, or its interface on the substrate, the curing extent can
not be as high as that at the surface. This effect will be discussed in next section.
As discussed in Chapter 3, the modulus and ultimate strength of the photoresist
increased with increasing UV curing dosage. The FTIR spectra were consistent with
those results. With increasing UV radiation dosage, the conversion of the carbon-
carbon double bond was increasing This suggested that the crosslink density in the
photoresist was increasing, which results in the increased modulus and ultimate
strength of the material. As that discussed in Chapter 3, conventional UV radiation
generates a great amount of heat The surface temperature of the photoresist can be
higher than that required by condensation reaction. However, there is no notable
evidence from IR spectra that the condensation crosslinking reaction occurred during
UV radiation cure. Since the time scale ofUV radiation cure is only 20 seconds, it
may not be sufficient time for the slow condensation reaction to occur to a certain
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extent. Considering IR is only sensitive for detecting component changes of more
than 5%, the possibility that a small amount of condensation reaction occurs due to
the elevated temperature can not be excluded. Since the condensation reaction can
not occur to a large scale, the significant increase in modulus and ultimate strength of
the photoresist after 5 J/cm> UV radiation is also due to the evaporation of low
molecular weight molecules as has been discussed in Chapter 3.
6.3 .2 The Different Extents of Cure Between the Two Faces
Attenuated total reflection (ATR) infrared spectroscopy was used to study the
curing extent of the two faces of the photoresist, e.g., the surface and the substrate
interface. The photoresist film samples were placed on the surface of the Germanium
crystal Since the Germanium crystal has a much higher refractive index, and the
incident IR beam reflects above the critical angle, the IR beam is totally reflected in
the crystal. The absorbence spectrum obtained by the totally reflected IR beam
contains information of the sample surface to a depth of 1 |im. Figure 6.3 shows the
ATR infrared spectra of the photoresist after the lithography procedure. Both the
spectra of surface and interface of the photoresist are shown in the figure for
comparison. Significant differences in the bands of carbon-carbon double bond can
be seen from the spectra. The bands at 1634 and 1407 cm-' are much lower in the
surface spectrum. Clearly the carbon-carbon double bonds were consumed more at
the surface than at the interface.
Figure 6.4 shows the ATR spectra of the two faces of the photoresist with 2J/cm2
UV radiation. Dramatic differences can be seen from the figure. While a
considerable amount of carbon-carbon double bond remained unreacted in the
interface of the photoresist, the double bonds completely disappeared at the surface.
171
Besides chemical conversion, evaporation of monomer is also a possibility that may
account for the total disappearance of the double bonds in the spectrum. As
discussed in Chapter 3, the surface temperature of the photoresist at 2J/cm2 UV
radiation is above 130 °C The broadening of the bands in the spectrum of the surface
is evidence of melting of the molecules, which indicates high temperature and high
mobility of the molecules at the surface during UV radiation. The high mobility of the
molecules at the surface during UV radiation implies high conversion of the
monomer. In addition, at this high temperature, the monomer could also be
evaporated if not reacted and connected into the network structure Therefore, the
carbon-carbon double bonds were totally absent in the surface of the photoresist after
2J/cm2 UV radiation cure.
Figure 6.5 shows the ATR spectra of the surface of the photoresist with increasing
UV radiation dosage. The corresponding spectra of the interface of the photoresist
are shown in Figure 6.6 As shown in Figure 6.5, the carbon-carbon double bonds no
longer exist at the surface after 2J/cm 2 UV radiation. However, Figure 6.6 indicates
that the carbon-carbon double bonds still exist in the interface of the photoresist even
with 6J/cm2 UV radiation Therefore, the extent of cure of the photoresist is
significantly different in the surface from that of the interface. This fact suggests that
there is a gradient of curing through the thickness of the photoresist. It also suggests
that there is a gradient of crosslink density and a gradient of the concentration of the
unreacted carbon-carbon double bonds through the thickness of the material.
6.3 .3 The Effects of Thermal Curing Temperature
As discussed in Chapter 3, the DSC spectrum of the photoresist after the
lithography procedure showed an exothermic peak starting at 150 °C and reached its
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maximum at 175 °C. This exothermic peak is an indication of the thermal
condensation crosslinking reaction of the photoresist. A network structure formed
after the condensation crosslinking reaction and that should be reflected in the
infrared spectra of the photoresist. Figure 6.7 shows the FTIR spectra of the
photoresist cured at different curing temperatures. The curing time was 1 hour for all
the samples. The photoresist cured at 125 °C was still a soft and complaint material.
It seemed no significant change occurred after the thermal cure at 125 °C. As other
bands remain virtually unchanged, a new band at 1690 cm' can be seen in the spectra
of the photoresist cured at 150 and 175 °C. The FTIR spectra are consistent with the
DSC results A minimum temperature of 1 50 °C is required to induce the
condensation crosslinking reaction. In addition, it also confirms that the band at 1690
cm- 1 is related to the network structure of the polymer network formed during the
condensation crosslinking reaction.
6.3 .4 Comparison of the Mechanisms of Thermal and UV Cures
As discussed in Chapter 3, both thermal baking and ultraviolet radiation can be
used to cure the photoresist. The evidence for cure is the increased glass transition
temperature (Tg) and the mechanical properties such as modulus and ultimate
strength of the material. Increasing either the thermal curing temperature or the UV
curing dosage resulted in the increased Tg, modulus and ultimate strength of the
photoresist. However, the infrared spectra indicate that the two curing methods
cured the material through totally different crosslinking mechanisms. The FTIR
spectra of the photoresist after lithography, cured by 4J/cm2 UV radiation and cured
by thermal baking at 150 °C for 1 hour are shown in Figure 6.8. It can be seen in the
spectra that the carbon-carbon double bond is not notably consumed during the
thermal curing process. The slightly decrease of the 1634 ctrr 1 and 1407 cnr 1 bands
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can be considered to be the result of the continuation of trapped radical reaction at
the elevated temperature. The elevated temperature itself does not initiate radicals
and generate radical crosslinking reaction through the carbon-carbon double bonds.
Instead, the thermal curing process formed another network structure that is
represented by the infrared absorption at 1690 cm-'. This band was assigned to the
network structure formed by the polymer component through the amine crosslinking
agent. The infrared absorption of 1634 cor* and 1407 cm-' decreased significantly
during UV radiation cure This fact suggests that UV radiation generates radicals and
initiates the radical crosslinking reaction through the carbon-carbon double bonds.
There was no evidence for the formation of the polymer network during UV cure.
No notable band can be observed at 1690 cm" 1 even for the sample cured with 6J/cm2
UV dosage. Since the multi-functional monomer component contains the carbon-
carbon double bonds, it can be concluded that the network formed during UV cure is
through the multi-functional monomers. Although both thermal baking and UV
radiation can cure the photoresist, they form different network structures through
different crosslinking mechanisms The UV radiation cure principally initiates radical
crosslinking reaction and forms a network structure through the multi-functional
monomers. The thermal cure induces condensation reaction and forms a network
structure of the linear polymers through the amine crosslinking agents. Within the
range of temperature and UV dosage studied, the two curing methods can not be
substituted for each other.
6.3 .5 The Effects of Curing Sequence
Since thermal baking and UV radiation generate different crosslinking reactions
and form different network structures, either of them can only partially cure the
photoresist. Both curing processes have to be used to fully cure the material. Since
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both curing processes are required, it is interesting to study the effects of the curing
sequence on the final structure and properties of the photoresist. The residual stress
and mechanical properties of the photoresist cured with various curing processes can
be found in Table 3.3. As discussed in Chapter 3, the photoresist with both thermal
and UV cures showed higher residual stresses, higher moduli and higher ultimate
strengths than the samples with only singular cure. The results suggest that the dual
cure achieved a higher extent of cure, or higher crosslink density in the final structure
of the photoresist. In addition, obvious differences in residual stress and ultimate
strength were found between the samples cured by exactly the same conditions but
different curing sequences The curing sequence significantly affects the network
structure and properties of the final photoresist coating product.
The FTIR spectra of the two samples with different curing sequences are shown in
Figure 6 9 It can be seen that there are obvious structure differences between these
two samples. The sample cured with thermal baking first shows slightly higher bands
of residual carbon-carbon double bonds in its spectrum. However, the absorption
band at 1690 cm* 1 is definitely higher than that of the sample cured with UV radiation
first. On the other hand, the sample cured with UV radiation first consumes more
carbon-carbon double bonds but formed less network structure represented by the
1690 cm- 1 band. The FTIR spectra suggest that the first curing process is always
more efficient. The network formed during the first curing process reduced the
efficiency of the subsequent curing process. Even with the exact same curing
conditions, the subsequent cure is not as efficient as the first curing process.
Additional evidence of the effects of curing sequence can be seen in Figure 6 10.
The bands at 706 cm- 1 and 639 cnr 1 were assigned to the residual solvent after the
lamination procedure The IR spectra indicate that the residual solvent still remains in
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the photoresist if the material is cured first with UV radiation. This suggests that the
tight network structure formed during UV radiation curing process trapped the
solvent. The solvent molecules trapped in the network were not evaporated during
the subsequent thermal curing process. However, if the photoresist sample is cured
first with thermal baking, all the residual solvent molecules are evaporated during the
thermal curing process This conclusion can also be applied to other low molecular
weight components in the photoresist. With the existence of the monomer network
formed during the UV radiation curing process, more low molecular weight
components can be trapped in the final photoresist product if it is cured first with UV
radiation
DSC studies also support the above FTIR observation. As discussed earlier, the
exothermic peak at about 175 °C in DSC spectrum is an indication of the
condensation reaction (Figure 3
.2) Figure 6. 1 1 shows the DSC spectra of the
photoresist cured with various curing processes. As shown in the spectrum of the
photoresist cured at 1 50 °C, the exothermic peak can be barely seen when
temperature exceeds 150 °C. This indicates that the condensation reaction is almost
compete if the sample is cured at 1 50 °C for one hour. After additional 4J/cm 2 UV
radiation, the exothermic peak has totally disappeared in the DSC spectrum. As
concluded from the FTIR study, UV radiation only generates the radical crosslinking
reaction and forms the monomer network It is unlikely that the subsequent UV
radiation completes the condensation reaction. However, the monomer network
formed during the subsequent UV cure restricts the mobility of the polymer and
crosslinker molecules. As a result, the functional groups for further condensation
reaction are no longer available. Therefore, the exothermic peak has totally
disappeared in the DSC spectrum.
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Significant differences can be seen in the spectrum of the photoresist samples
cured with only UV radiation. Since UV radiation only initiates radical crosslinking
reaction and forms a network structure through the carbon-carbon double bonds,
most functional groups for condensation reaction remain intact after the UV curing
process. As a result, a notable exothermic peak representing the condensation
reaction appeared in the spectrum when the temperature exceeded 150 °C. The peak
is smaller compared to the original peak before the UV cure (Figure 3.2). It can be
interpreted that the network structure formed during UV radiation reduces the
mobility of the polymer and crosslinker molecules, and the number of available
functional groups for the subsequent condensation reaction decreases. This result
implies that the crosslink density of the network formed during the subsequent
thermal curing process also decreases due to the restriction of the network structure
formed by UV radiation
After the sample was first cured by 4J/cm 2 UV radiation, an additional 1 hour 150
°C thermal baking did not seem to complete the condensation reaction. The DSC
spectrum of the sample cured with UV radiation and subsequent thermal baking still
shows a significant exothermic peak. The exothermic peak became smaller and
shifted to higher temperature indicating the subsequent thermal curing process only
partially crosslinked the polymer molecules. However, due to the existence of the
monomer network formed during previous UV radiation, the condensation reaction
was incomplete after the subsequent thermal cure. Since the monomer network is
much tighter than the polymer binder network, this sequence effect is more
significant. The above DSC results are consistent with the conclusions from the FTIR
study.
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6.4 Summary
The photoresist can be partially cured by either ultraviolet radiation or thermal
baking. Principally, the UV radiation initiates a radical crosslinking reaction and
forms a network through the multi-functional monomer component At temperatures
above 150 °C, the thermal curing process mostly induces a condensation crosslinking
reaction. The condensation reaction crosslinks the polymer component through the
amine crosslinking agent and forms another network. Although the heat generated
during UV curing process may induce a small amount of condensation crosslinking
reaction, and the thermal curing process may re-initiate the trapped radical, the two
curing processes basically are independent of each other. The UV and thermal curing
processes generate different crosslinking mechanisms and form different network
structures through multi-functional monomer and the linear polymer binder molecules,
respectively. Within the ranges of UV dosage and temperature studied, they can not
be substituted for each other. Both UV and thermal curing processes are necessary to
fully cure the photoresist. The samples cured with both curing processes show higher
moduli and strengths reflecting the higher extent of cure However, the dual curing
process also generates higher residual stress in the photoresist. For the samples cured
with the dual curing processes, the effects of curing sequence are significant. The
photoresist samples cured by thermal baking first followed by UV radiation contain
slightly more unreacted carbon-carbon double bonds. It also forms more polymer
network structure. On the contrary, the samples cured by UV radiation first followed
by thermal baking consume slightly more carbon-carbon double bonds but leave the
condensation crosslinking reaction incomplete. It is believed that the network formed
during the first curing process reduces the mobility of the molecules in the material.
Since the molecules are trapped in the network, the number of functional groups
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available for the subsequent curing process is decreased. As a result, less crosslinking
is achieved during the subsequent curing process even with the exact same curing
conditions. Since the monomer network formed during the UV curing process is
expected to be denser, and the mobility of the polymer is much higher than that of
monomer, this sequence effect is more significant for the sample cured with UV
radiation first The condensation crosslinking reaction was found incomplete to a
great extent due to the existing monomer network formed during previous UV curing
process. In addition, since the sample cured with thermal baking first also has lower
residual stress and comparable mechanical properties, the dual curing process with
thermal cure first is recommended
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CHAPTER 7
CONCLUSIONS
A acrylate-based photoresist coating has been investigated in this dissertation.
The residual stress, mechanical and physical properties of the photoresist are strongly
dependent on the post-lithography curing process. Therefore, a broad variety of
characterizations, ranging from residual stress to thermal transitions, from mechanical
properties to morphology, as a function of the processing history of the photoresist
coating has been performed. It is believed that residual stress is a critical issue in the
end-use reliability of coating-substrate systems. Vibrational holographic
interferometry has been developed and applied in this dissertation to evaluate the
residual stress in the photoresist coating. Although low residual stress in coatings is
always desirable, adequate mechanical properties are also essential for their end-use
reliability. By comparing residual stress to the mechanical properties of the
photoresist, a variety of curing processes has been systematically investigated. It is
well known that the physical and mechanical properties of a polymer material depend
on its supermolecular structure, e.g., the morphology of the material. The multi-
phase morphology of the photoresist has been characterized by transmission electron
microscopy (TEM). The structures of each phase in the material have also been
determined by selected area electron diffraction (SAD). The properties of the
photoresist change significantly with environmental temperature, especially during
thermal transitions Therefore, a variety of thermal analysis techniques, such as
Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA),
Dynamic Mechanical Analysis (DMA) and Thermomechanical Analysis (TMA), have
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been applied to characterize the thermal performance of the photoresist. Since the
residual stress and materia, properties of the photoresist highly depend on the curing
process, an investigation of the curing mechanisms is also essential for this
dissertation. Fourier transform infrared spectroscopy (FTIR) and Differential
Scanning Calorimetry (DSC) were employed to achieve this purpose Fully
understanding the curing mechanisms provides guidelines to obtain a reliable
photoresist coating with low residual stress and adequate material properties by
optimizing the post-lithography curing process.
Vibrational holographic interferometry has been developed and applied to
characterize the two-dimensional sate of stress in the acrylate photoresist coating A
significant feature that makes this technique superior to other current stress
measurement techniques is its capability to characterize anisotropic biaxial stress. By
considering the bending stiffness effects and applying reasonable approximations, this
technique has also been expanded to measure in-plane stress for thick and stiff
samples, which deviate from the ideal membrane vibration theory This development
greatly extends the applicability of the technique so that it can be applied to a wide
variety of materials such as fully cured thick and glassy polymer coatings, metal films,
ceramic plates, and anisotropic composite plates Another feature of this technique is
that all the results can be obtained without complicated mathematical computation A
simple linear regression program can be applied to extract the results. Empirical
methods are also given in most cases for practical convenience. Besides the
convenience feature, the technique is also accurate and reliable compared to other
existing stress measurement methods. In all the cases, the experimental results
matched the theories extremely well, and that proves the accuracy and the reliability
of the technique. The relative errors of the results can be controlled to less than 10%
in all the cases and the consistency of data can be as high as 1%. Vibrational
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holographic interferometry is also appropriate to study the temperature effects and
humidity effects on the in-plane stress in film and coating samples. The development
of vibrational holographic interferometry was not only an essential part for this
dissertation, but should also have a great impact on the general field of the
characterization of two-dimensional states of stress in films and coatings.
The multi-component acrylate photoresist has been confirmed as a multi-phase
system. Three distinct phases were observed by transmission electron microscope
(TEM). The matrix phase of the material is polymer-rich. Selected Area Diffraction
(SAD) has confirmed its amorphous structure The flake filler phase contains most of
the inorganic filler content and SAD has confirmed that the filler is crystalline. The
spherical monomer-rich inclusion phase also contains fine filler particles. SAD has
shown sharp diffraction rings within the inclusion phase indicating the existence of the
randomly oriented filler crystalline particles. Although there is no evidence indicating
macro-phase changes during curing process, micro-phase separation has been
observed within the inclusion phase of the photoresist. The micro-phase separation
occurs only in the samples cured by UV radiation first followed by thermal baking It
is concluded that the subsequent thermal treatment re-activated the radical
crosslinking reaction, and the high mobility and long curing period at elevated
temperature allowed unreacted monomers to aggregate and form a distinct phase with
diameter of 100 A.
Prior to processing, the acrylate photoresist has one glass transition at -36 °C
observed in its DSC spectrum This glass transition has been assigned to the linear
polymer component in the matrix phase In spite of the multi-phase morphology of
the photoresist, only one glass transition has been observed. The glass transition
broadens after the material is cured. The broadness of the transition suggests the
193
wde distribution of local composition and the compiled, heterogeneous network
structure of the cured photoresist. For the sample cured by UV radiation firs,
followed by thermal baking, a shoulder maximum of loss modulus (E") has been
identified in its DMA spectrum. Since the glass transitions corresponding to the
monomer-rich and polymer binder-rich phases are both broad, i, is believed that they
overlap and form one very broad glass transition.
#
The photoresist evaporates a component of low molecular weight and continues
the crosslinking reaction if the temperature exceeds the highest temperature that the
material experienced during its curing process. After the material evaporates a certain
amount of low molecular weight component, more functional groups that have been
hindered by neighbor molecules become available for further crosslinking reaction.
An increase in storage modulus (E') at that temperature is strong evidence for the
continued chemical reactions. The endothermic evaporation process causes a baseline
drop in DSC spectra. However, the subsequent exothermic chemical reactions
balance the heat required for evaporation The two balanced processes result in a
step-like baseline drop phenomenon in DSC spectra, which could be mistaken as a
false glass transition.
The photoresist can be partially cured by either ultraviolet radiation or thermal
baking. The extent of cure can be estimated by the increased modulus and ultimate
strength of the samples. The FTIR study has shown that the UV radiation initiates a
radical crosslinking reaction and forms a network through the carbon-carbon double
bonds of the multi-functional monomers. At elevated temperature above 150 °C, the
thermal curing process induces a condensation crosslinking reaction. The
condensation reaction crosslinks the linear polymer component through the amine
crosslinking agent and forms another network. Within the ranges ofUV dosage and
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temperature studied, the two curing processes can not be substituted for each other
Both UV and thermal curing processes are necessary to fully cure the photoresist and
form a dual cross.inked network. For the samples cured with a dual curing process,
the effects of curing sequence are significant. The sample cured with UV radiation
first is a stronger materia, but suffers higher residual stress and brittleness. The
residual stress can be dramatically reduced if the sample is cured by thermal baking
first and then UV radiation. It is believed that the network formed during the first
curing process reduces the mobility of the molecules in the material. Since the
movement of the molecules are restrained in the network, the number of functional
groups available for the subsequent curing process is decreased. As a result, less
crosslinking is achieved during the subsequent curing process even with the exact
same curing conditions. It has been confirmed that different curing sequences affect
the dual crosslinked network structure and result in different final properties of the
cured photoresist coating. Since the sample with thermal cure first has significantly
lower residual stress and comparable strength, the dual curing process with thermal
cure first is recommended
Investigation of the acrylate photoresist coating as a function of its processing
history is a very broad issue. Some basic aspects of property characterization and a
relatively comprehensive investigation of the material have been undertaken in this
dissertation. This study has been a unique opportunity to explore many aspects in
polymer science and engineering, ranging from polymer characterizations to new
technique development, from polymerization chemistry to solid mechanics, from
spectroscopy to microscopy. In addition, this study has also provided useful
information on the curing mechanisms. The extensive characterizations of the
material and sufficient understanding of the curing mechanisms have suggested an
195
optimal curing process to achieve a photoresist coating with highest end-use
reliability.
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